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SECTION 1
INTRODUCTION

This study was performed by the General Electric Space Division's Isotope Power Systems
Operation in partial fulfillment of Contract NAS3-10615, "Vapor Chamber Radiator Study,"
directed by the NASA Lewis Research Center. The major emphasis of the program was
directed towards the development of a vapor chamber fin (heat pipe) radiator for appli-

cation in the potassium Rankine cycle.

The heat rejection system for large unmanned nuclear powerplants constitutes a significant
portion of the overall weight and area of the system. In addition, definite advantages exist
in integrating the radiator design with the launch vehicle. These factors necessitate a
detailed analysis of the radiator system so as to achieve an attractive power system size

and weight.

1.1 STUDY OBJECTIVE

The primary purpose of this study was to assess the incentives for developing the Vapor
Chamber Fin (VCF) radiator for the potassium Rankine cycle. The alternative is the use

of a conduction fin radiator which is simpler in design and operational characteristics.

The potassium Rankine cycle space powerplant, under development at the L.ewis Research
Center, uses an indirect heat rejection process with a heat rejection rate of 1500 kW.

A heat exchanger, shown in Figure 1-1, transfers waste heat from the power conversion
loop to the primary coolant. The primary coolant is circulated through the main radiator

where waste heat is rejected.

The present configuration visualized for the main radiator is an array of tubes through
which coolant flows and to which are attached solid, conducting fins., The vapor chamber
fin concept, under investigation in this study, operates in a different manner. Primary
coolant enters the fluid passages and transfers heat to the vapor chamber evaporator

sections by convection and conduction. As the evaporator increases in temperature,




the vapor chamber working fluid vaporizes

and flows along the condenser vapor passage.

As energy is radiated to space, condensation REACTOR
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Figure 1-2. Representative Vapor Chamber Fin Radiator Panel



1.2 REPORT CONTENTS

Section 2 of this report contains a summary of the work performed, results obtained, and

conclusions to be made.

Radiator and potassium Rankine cycle powerplant system specifications submitted by NASA
Lewis were used as a design criteria., Design requirements used for the conduction fin and

vapor chamber fin radiators are contained in Section 3.

Section 4 describes the various vapor chamber fin concepts considered for the radiator and

identifies four basic geometries selected for further evaluation.

The thermal, integration, structural and fabrication evaluation of the four selected geome-
tries is contained in Section 5. Conclusions and a selection of the preferred vapor chamber

geometry are made,

Section 6 presents the vapor chamber test program performed on the selected geometry. A

test description, test data and conclusions are provided.

The preliminary vapor chamber fin and comparable conduction fin radiator design are pre-

sented in Section 7. Weight, area, performance and fabrication comparisons are made.
The overall study evaluation of results and conclusions are contained in Section 8.
References are tabulated in order of appearance in Section 9. A list of numerical terms

is included in Appendix A. The vapor chamber test plan followed in the program is included

in Appendix B.



SECTION 2
SUMMARY

2.1 INTRODUCTION

The purpose of this study was to identify an optimum vapor chamber fin (heat pipe) radiator
for the potassium Rankine cycle. It was anticipated that this approach would result in sig-
nificant weight and area savings over the conduction fin radiator presently considered for

this application,

The specifications on which the radiator analyses and final design are based were provided
by NASA. These ground rules, listed in Table 2-1, reflect the current definition of the

potassium Rankine cycle operating conditions for an unmanned mission.

The reference potassium Rankine cycle consists of three fluid loops; a simplified cycle
diagram is shown in Figure 2-1. Liquid NaK (78 wt %K) condenses the potassium vapor
exiting from the turbine in a heat exchanger and subsequently rejects the waste heat to
space in the primary radiator. In this in-

vestigation the radiator was also designed to

REACTOR

provide the main structural support for the

EM PUMP l¢— PRIMARY LOOP

power system during launch. Additional

BOILER (LITHIUM)
system radiators for the shield, pumps and -
electrical equipment were not a prime con- EM PUMP “’OﬁﬁggTiLngmP
sideration in this analysis. 08508 FURBINE
CONDENSER ¢) 12209F
. . . HEAT
This study consisted of both analytical and EXCHANGER

experimental efforts. The program was
EM PUMP

divided in the following manner: A Ny ToR Loow

980°F

1200°F

MAIN
RADIATOR &
)

1. Selection of candidate vapor chamber
fin geometries

2. Optimization of each candidate vapor Figure 2-1, Simplified Potassium
chamber fin and working fluid Rankine Cycle



Table 2-1.

Specifications for the Potassium Rankine Radiator System (Unmanned)

Heat Rejection Rate (initial)
Radiator Fluid

Fluid Inlet Temperature
Fluid Outlet Temperature

Redundancy

Heat Rejection Rate (end-of-life)
Radiator Meteoroid Survival Probability
Radiator Lifetime

Materials

Radiator Sink Temperatures

Launch Vehicle

Supported Load

1536 kWt
NaK - 78
1200°F
980°F

4 panel groups
3 survive

75% of initial
0.99 0.999
20, 000 hours b years

Stainless steel tube and armor; stainless
steel clad copper or stainless steel fins;
iron titanate coating.

300nm equatorial orbit; radiator axis
parallel to earth's surface; sun at zenith.

2-stage Saturn V
(10 degree half cone angle)

15, 000 pounds on 10 degree half cone angle




3. Selection of optimum vapor chamber fin and working fluid

4, Testing of vapor chamber fin concept

5. Design and optimization of a vapor chamber fin radiator

6. Design and optimization of a conventional conduction fin radiator

7. Comparison between a vapor chamber fin and a conduction fin radiator.

Each of these tasks are summarized in the following paragraphs.

2.2 SELECTION OF CANDIDATE VAPOR CHAMBER FIN GEOMETRIES

The intent of this task was to define a number of attractive vapor chamber fin concepts
from which an optimum configuration could be selected. This initial screening was

primarily qualitative in nature.

Thermal efficiency, structural rigidity, sensitivity to meteoroid damage, heat pipe hy-
draulic considerations and fabricability were among the main factors governing the selec-
tion of four candidate designs. These are shown in Figure 2-2 in addition to other concepts

which were reviewed.

Geometry 1 was selected because of the thermal and hydraulic efficiency offered by the
cylindrical designh.. The presence of the conduction fin, separating the chambers, added

a degree of flexibility to this design.

The rectangular cross section geometry was chosen as a candidate because it appeared to
offer a sound structure having reasonable fabrication possibilities. At the same time,

this concept would possess acceptable thermal and hydraulic characteristics.

The hexagonal honeycomb configuration was chosen solely for its load carrying capability.
Each hexagon is pictured as operating as a separate vapor chamber which transfers energy

to adjoining vapor chambers by the condensation process. The magnitude of the thermal



disadvantage presented by the interior walls could not be easily assessed without the support

of a detailed analytical investigation.

Geometry 4 is easily fabricated and thermally efficient. The unknown quantity in this

particular design (and Geometry 1) was the structural problems associated with a large

thin sheet area.

2.3 OPTIMIZATION OF CANDIDATE CONCEPTS

The four concepts described in the preceding paragraph were examined parametrically
to assess the optimum geometric values for each design. The evaluation was based on
pounds of radiator per kilowatt of heat rejected. This optimization included the effects of
the primary fluid ducts and vehicle structural considerations as well as the more obvious

thermal, meteoroid protection and fluid flow requirements.

e
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Figure 2-2. Vapor Chamber Concept Alternatives



The optimization procedure used a computer program to calculate required wick thickness,
temperature distributions and heat rejection rates. Three working fluids were considered:

cesium, potassium and sodium.

Geometry 2, the rectangular vapor chamber fin concept, was chosen as the most attractive
concept, This decision was based on the low radiator system weight obtainable while work-
ing within the framework of reasonable fabrication techniques. A summary of the geometry

evaluation is shown in Figure 2-3.
Sodium demonstrated superiority over cesium and potassium primarily due to its high sur-
face tension and latent heat of vaporization. Cesium was found to constitute a poor fluid

choice for this application (9000 - 1200°F range).

2.4 TESTING OF THE RECTANGULAR VAPOR CHAMBER FIN GEOMETRY

The objective of this portion of the program was to obtain accurate operational data on

the vapor chamber fin design defined by the optimization procedure. A single vapor
chamber fin, which represented the basic building block of a panel, was fabricated. Using
sodium as the working fluid, with a composite wick design, tests were conducted between
825O and 16000F. The vapor chamber performed satisfactorily in this regime., The

test setup and vapor chamber design employed is shown in Figures 2-4 and 2-5.

The observed evaporative and axial vapor temperature drops agreed reasonably well with

predicted values.

The overall condensing temperature drop existing between the condenser vapor space and
heat rejection surface exhibited values substantially higher than predicted by theory.

Subsequent testing with a second vapor chamber showed this temperature drop to be time
dependent. Using the same test facility and identical instrumentation, the condensing AT

o
decreased from 54 to 180F at 13OOOF over a 10 week period. No positive explanation
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can be offered for this behavior, however, it appears that some conditioning process
occurring between the fluid and stainless steel enabled the sodium to achieve a more
complete filling of the fluid return annulus. Using the poorest operational data obtained,
the vapor chamber fin efficiency was calculated to be 80 percent. The latier tests in-

dicated a vapor chamber fin efficiency of 96 percent.

A tilt test was performed to ensure that the capillary in the evaporator was pumping the
sodium. If the vapor chamber fin can operate in a tilted position in a one g environment,
adequate capillary pumping can be assumed in zero g. The data from this series of tests
agreed closely with the values obtained during the horizontal experiments. This result

verified the effectiveness of the evaporator capillary pump.

An investigation of the evaporative heat flux limitation was also performed. The vapor

chamber fin operated satisfactorily, with no evidence of burnout, at temperatures of 16000F
5 BTU
hr-ft2

cluded by the stainless steel strength limitations at higher temperatures.

EVAPORATOR /'l 316 S8

and evaporative heat fluxes of 1.46 x 10 Higher evaporative heat fluxes were pre-

DIMENSIONS IN INCHES

0.36T

(I
T‘L_ o _.:,.. 0.020

EVAPORATOR CONDENSER
SECTION SECTION
200 MESH S8 100 MESH SS
22 MIL THICK, 9 MIL THICK. (1 LAYER)
(5 LAYERS) 25 MIL CHANNEL

Figure 2-5. Vapor Chamber Fin Used in Test
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2.5 VAPOR CHAMBER FIN RADIATOR DESIGN

The vapor chamber fin radiator design was optimized from a system standpoint by a large

scale computer code especially designed for this purpose. Using the rectangular channel
vapor chamber fin geometry, sodium working fluid and stainless steel construction, a series
of minimum weight radiators was designed for meteoroid survival probabilities of 0. 99 and

0. 999 over lifetimes up to five years.
As part of this analysis several primary fluid duct (NaK-78) configurations were examined.
The concept which was selected, shown in Figure 2-6, provided the minimum radiator

weight design as well as a relatively easy panel unit to fabricate.

2.6 CONDUCTION FIN RADIATOR DESIGN

The concept presently considered for the potassium Rankine cycle heat rejection system is
a conduction fin radiator having the offset fin/tube geometry. Stainless steel has been

identified as the radiator tube and armor material; the fin is a stainless steel/copper

laminate.

A complete radiator analysis and design was performed using a large scale computer code
to integrate the heat transfer, fluid flow and meteoroid protection requirements into a
minimum system weight design. The optimized design also reflected the secondary re-
quirements of the radiator to support the power system and to act as the aerodynamic shroud
during launch. Radiator system weights were determined for two meteoroid survival proba-
bilities: 0. 99 probability of survival for 20, 000 hours and 0. 999 probability of survival for
five years (43, 800 hours) where 3 of 4 panel groups survive the entire mission. Essential

features of the conduction fin radiator design are shown in Figure 2-7.

2.7 COMPARISON OF THE VAPOR CHAMBER AND CONDUCTION FIN RADIATORS

A comprehensive comparison of the vapor chamber fin and conduction fin concepts must
include several factors including feasibility, development time and cost, fabrication dif-

ficulty, weight, area and special operational problems such as startup and transient response.

12
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Both heat rejection concepts considered are well within the realm of feasibility, however,

the conduction fin radiator can be considered to be at a more advanced stage of development.
Although a stainless steel radiator with stainless steel/copper fins has never been fabricated,
the composite fin material does not appear to entail an exceptional development effort. With
respect to the vapor chamber fin radiator, more experience with heat pipe operation in a
zero g environment is desirable, especially in the related areas of wick design and fluid

inventory.

The vapor chamber fin radiator design is considerably more complex than the conduction
fin radiator. Therefore, the fabrication of the vapor chamber fin radiator can be expected
to be the costlier of the two. The requirement to fill thousands of individually sealed

chambers under stringent purity conditions with alkali metal is of particular concern.

Weight versus area characteristics for both the conduction fin and vapor chamber fin
designs are shown in Figure 2-8 for meteoroid survival probabilities of 0. 99 for 20, 000
hours and 0. 999 for five years, The vapor chamber fin radiator system is lighter in
weight and smaller under all of the conditions investigated. The redundant characteristics
of the individual vapor chambers enables the vapor chamber fin radiator weight to remain
fairly insensitive to large changes in the meteoroid protection requirements. For missions
where high reliability against meteoroid damage is needed, the vapor chamber fin radiator

may become more attractive.

2.8 CONCLUSION

The major conclusions drawn from this program are listed below:

1. The VCF radiator is a feasible heat rejection concept for use in the potassium

Rankine cycle or any system pradiating in the 900° to 1400° F range.

2. A comparison of the fabrication problems associated with the VCF and conduction
fin radiator indicates that the VCF is considerably more difficult to fabricate.
This is largely due to the requirement to individually fill and seal about 10, 000
vapor chambers. Obviously, the entire reliability of the VCF radiator is dependent
upon the quality of the filling and sealing techniques.

15
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The attractiveness of the VCF radiator as compared to the conduction fin
concept on a system weight basis becomes significant as the meteoroid protec-
tion requirements become more severe. At a survival probability of 0.999
for 5 years the VCF design exhibited a 30 percent weight advantage over the

conduction fin design.

For manned missions, where the shield weight dominates the powerplant weight,
this weight advantage is probably insignificant.

Sodium was identified as an excellent vapor chamber fluid for this application.
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SECTION 3
RADIATOR DESIGN REQUIREMENTS

3.1 GENERAL DISCUSSION

The potassium Rankine cycle powerplant, under development at the NASA-Lewis Research
Center, transfers waste heat from the condensing fluid, potassium, to the primary liquid
coolant, NaK-78. The primary coolant rejects the waste heat from the system by means of
the main radiator. Other system radiators for the pumps, shield and electrical equipment

were not examined in this study.

The basic requirements of the radiator can be divided into several categories including
thermal performance, structural performance, integration, reliability and fabrication feasi-
bility. These requirements must be satisfied within the framework of achieving an attractive

weight, area and pumping power penalty.

3.2 SYSTEM SPECIFICATION

Design requirements for the main radiator were determined by the cycle conditions of the
300 kWe potassium Rankine cycle as presently conceived by NASA-Lewis. A schematic

drawing of this system is shown in Figure 3-1.

Specific design specifications, pertinent to the radiator analyses are shown in Table 3-1.
The main radiator is pictured as a cone cylinder and comprises a section of the aerodynamic
fairing, atop a two stage Saturn V. In addition, the radiator and associated structure pro-

vides structural support for the nuclear powerplant during the launch sequence.

Four independent loops are currently defined for the primary coolant. Ground rules for
this study allowed the failure of one loop due to meteoroid damage over the mission lifetime.
Two meteoreid survival design conditions were investigated: a 0.99 probability of survival

for 20, 000 hours and a 0.999 probability of survival for 43, 800 hours (5 years).

Stainless steel was stipulated as the radiator material of construction due to its compatibility

with liquid metals, fabricability and high strength-to-weight ratio at launch conditions. The

17
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Figure 3-1. Potassium Rankine Power System (Nominal 300 kWe)
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Table 3-1.

Thermul Heat Rejection, Initial
Radiator Fluid

Radiator Fluid Flow Rate/loop
Radiator Fluid Inlet Temperature
Radiator Fluid Outlet Temperature

Redundancy

lleat Rejection Rate (end-of-life)
Radiator Meteoroid Survival Probability
Radiator Lifetime

Radiator Materials

Radiator Sink Temperatures

Meteoroid criteria

Launch Vehicle

Structure/Supported Load

1536 kwt
NaK-78
7.9 1b/sec
1200°F
980°F

4 panel/loop segments
3 loops survive

75% of initial
0.99 0.999

20,000 hrs. 43,800 hrs (5 years)
Stainless steel tube and armour;
stainless steel clad copper or stainless
steel fins; iron titanate coating

300 nm equatorial orbit; radiator axis
parallel to earth's surface; sun at
zenith
Enviroament: Whipple 1963A Flux density
Model (Reference 1)
Damage Criteria: Loeffler (Reference 2)

Two-stage Saturn V Interface diameter
33 feet

15, 000 lbs
10 degree half-cone angle

Reference Conditions and Specifications for the Potassium Rankine Main Radiator
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conduction fin radiator, however, utilized a copper/stainless steel bimetallic fin in order

to raise the fin thermal conductivity.
Also specified was the consideration of three fluids for use in the vapor chambers: cesium,
potassium and sodium. While it is desirable to limit the choice to one fluid, the possibility

of using two fluids, one in the high and one in the lower temperature section, was considered.

3.3 METEOROID CRITERIA

The meteoroid criteria used in this study reflected current recommendations of NASA-Lewis
at that time. The meteoroid environment assumed is the Whipple 1963A flux density model
(Reference. 1) with an average meteoroid velocity of 20 km/sec and a meteoroid density of
0.5g/cc. Many of the previous radiator studies at General Electruc assumed an avarage
velocity of 30 km/sec and a meteoroid density of 0.44g/cc. The estimates specified for this
study result in a 22 percent reduction in armor thickness. The use of estimates of near earth
environment may be conservative for an outwardbound interplanetary probe mission, since
the flux is generally considered to decrease with heliocentric distance. Loeffler, Lieblein

-1.5

and Clough (Reference 2), suggest a flux density decreasing at the rate (R) , where R is

the heliocentric distance. If the flux is integrated between Earth and Jupiter, assuming a

constant velocity and #n (R)_l' 5

relation, the average flux is only 29 percent of the near

Earth flux. However, the flux intensities in the asteroid belt and near Jupiter are anomalous,
possibly comparable in intensity to the near Earth environment. Estimates of the flux in
traversing the asteroid belt vary by an order of magnitude on either side of the near Earth
environment, and the near Jupiter environment is as yet unexplored. A study of Jupiter flyby
missions (Reference 3) assumes a Jupiter environment three times more severe than Earth's.
Volkoft, (Reference 4) estimates a protection requirement ratio relative to near Earth of 0.432
for a Jupiter orbit mission based on a time integrated environment. In the absence of reliable
experimental data, the more conservative estimates of near Earth environment are used in

this study. The damage criteria used in determining meteoroid protection requirements is

that proposed by Loeffler (Reference 2),

20
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t =avy =P =F e oo P . ) (3-1)
a /.)t Ct wﬁr)np -loge PND B+1
where
ta = required armor thickness
a = damage thickness factor
v = materials cratering coefficient
pmp = meteoroid density (0.5 g‘m/cm3)
P, = armor material density
Vmp = meteoroid velocity (25 km/sec)
Ct = sonic velocity in armor
AV = vulnerable area
T = mission time

1.22
-14.41 gm
10 5

(84 =
m -sec
B - 1.22
P\TD - design probability of no critical damage
L

The constants a and v vary from material to material and with damage mode. The cratering
coefficient v for a wide range of materials has been determined experimentally. Lieblein
and Diedrich (Reference 5) report a rear surface damage factor, for dimpling, of 2.4 and a
cratering coefficient of 1.67 for 316 stainless steel. These values were used in the VCF and

conduction fin reference design analyses.

During the course of this study a report issued by NASA-Lewis (Reference 6 ) indicated a
room temperature cratering coefficient cratering coefficient for 316 stainless steel of 2.19.

The following correlation was proposed for higher operating temperatures:

LT\
v =7r| T,
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At 12000F the value of ¥ is calculated to be 2. 62; designs based on this value are presented
for the conduction fin radiator. However, due to the relative insensitivity of the VCF radiator
design to changes in meteoroid protection requirements, a similar analysis was not performed

for this concept.

3.4 STRUCTURAL CRITERIA

The reference launch vehicle to be utilized with the potassium Rankine cycle is the two stage

Saturn V. The position of the main radiator on the vehicle is shown in Table 3-1.

As listed in Table 3-1, the load supported by the radiator is 15, 000 pounds. This includes

the reactor, shield, power conversion equipment and associated piping.

The maximum loads occurring on the radiator will result from launch conditions. During launch
maximum qe and maximum axial acceleration conditions exist giving equivalent axial loads
approaching 500, 000 pounds., Maximum bending loads occur when the product of dynamic
pressure and angle of attack go reach a maximum, and the maximum axial loads occur the
instant of first stage engine cutoff, If the launch structure were designed to an axial load
condition only, an unrealistic result would be obtained, since it is obvious that the structure
must also have some lateral stiffness. A difficulty arises in attempting to specify a realistic
load condition for lateral stiffness since it is known that static lateral accelerations during
launch are generally low. One approach is to design to an artificial but conservative condition
such as 12 g axial combined with 5 g lateral. This approach may be reasonable for smali pay-
loads, but excessively conservative and possibly prohibitive for a payload whose size and
mass are no longer insignificant compared with the launch vehicle. The load factor must

decrease as the pavload size increases, as evidenced by the trend shown in Figure 3-2.

At the maximum qo condition, the two stage Saturn V has an axial acceleration of 2.0 g and

a lateral acceleration of 0.2 g. These conditions are to be utilized in the study.
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3.5 OPERATIONAL CRITERIA

The radiator shall be capable of operating in a one g environment for purposes of establish-
ing ground test performance predictions. Consideration should also be given to dévising a
radiator geometry capable of operating in any orientation in a zero g environment., Techniques

and configuration schemes to provide radiator startup from a frozen state shall be evaluated.

3.6 VEHICLE INTEGRATION

The overall radiator design must be compatible with the remainder of the powerplant system
and also reflect the requirement for the radiator to be used as the flight fairing. A relatively
smooth heat rejection surface is consistent with the structural, thermal and aerodynamic
functions of the radiator. Attention must also be given to the design of radiator interfaces
with other portions of the system where thermal stresses could be a problem. The problem
of efficient transfer of flight loads is also a consideration in this area, Fluid feed lines ex-
tending between the power conversion units and the radiator must also be considered in the
overall design, since these require a considerable volume and are subjected to flight loads

and thermal stresses.
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3.7 FABRICATION

The radiator design shall be consistent with accepted NASA design practices. Insofar as
possible fabrication practices should be within the present state-of-art. Projections of the
state-of-art should be made with a high degree of confidence within the time frame of the

projected applications.
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SECTION 4
VAPOR CHAMBER CONCEPT DEVELOPMENT

The purpose of this effort was to select the candidate conceptual designs to be used as a
basis in determining the most attractive vapor chamber radiator configuration. Three
candidate working fluids were considered for use within the vapor chamber radiator:
cesium, sodium and potassium. The vapor chamber radiator would consist of

an upper and lower bay with radiation from the outer surface only. A distinct effort was
made to include a wide spectrum of vapor chamber designs as well as the more familiar;
an example of some of the configurations which were considered is provided in Figure 4-1.
Since it would be impractical to thoroughly investigate each design, it was necessary to
eliminate many of these concepts on the basis of engineering judgment. In addition, it
became obvious that some of the more similar designs would be reduced to the same con-

figuration due to fabrication considerations.

The primary factors which guided the selection of the basic geometries are:

1. Weight ~ Ability to be manufactured as a light-weight structure
2, Area - Maximum exposure of the condensing surfaces to the sink

3. Meteoroid Survivability ~ Ability to afford a high reliability against excessive
meteoroid damage

4. Structural - Ability to be used as the aerodynamic fairing during launch and to
support the power system during this period

5, Fabrication - Ease of fabrication into the complete radiator

6. Integration with Primary Duct - Vapor chamber fin must be able to accept heat from
the primary duct without involved fabrication techniques or a large AT.

Of the concepts examined, four were deemed to be of sufficient interest to be included in the
final comparative evaluation. These are presented in Figure 4-2. Geometry 1 represents

a design which is easy to manufacture and is amenable to light-weight construction., The
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round flow passage is ideal for all aspects of heat pipe operation, while the conduction fins

are a light weight means of providing radiating area.

Geometry 2 is a design which would operate at a uniform surface temperature, thus reducing
the overall radiator area., In addition, this design provides for a simple interface with the

primary duct.

The obvious advantages of Geometry 3 are its structural rigidity and, due to the large number
of cells, its exceptional resistance to significant meteoroid damage. Each hexagonal cell,
however, has its own evaporator and condenser section resulting in several thermal resis-
tances along the length of the fin. Since each cell must be a self-contained unit, fabrication

of this system can be expected to be difficult.

Geometry 4 is similar in some respects to 1, but, has certain structural and fabrication
advantages. The ability of the conduction fins to act as an efficient means of heat transfer

in a vapor chamber radiator is of interest in both of these concepts.

The four geometries chosen for investigation were felt to represent a varied array of
possible design alternatives. Each geometry has its particular advantages and disad-

vantages which justified a thorough study in order to choose the optimum design.

tass bt 4 R IR
00— IIL 11111 oo
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CYLINURICAL/FIN RECTANGULAR CHANNEL HEXAGONAL HONEYCOMB OFFSET RECTANGULAR CHANNEL

Figure 4-2, Concepts Selected for Further Investigation
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SECTION 5
VAPOR CHAMBER ANALYSIS

The analysis for each geometry was divided into two parts: first, an evaluation of the
condenser section, and secondly, the evaluation of the entire radiator including the primary
fluid ducts, evaporator and condenser sections. In order to make a valid comparison be-
tween concepts, each geometry must be investigated thoroughly over a range of parameters
so as to find the region of attractive design points. Principal areas of investigation and

selected characteristics for final evaluation and comparison were:

1. Thermal performance (weight, area and reliability)
2. Integration with primary duct and radiator interfaces
3. Structural performance

4. TFabrication capability

5.1 CONDENSER EVALUATION

In the first part of the analysis, each condenser geometry was evaluated over the range of
variables shown in Figure 5-1. The criteria used as a basis of evaluation was weight per
kilowatt of heat rejected. In this phase of the study, all system considerations such as
total radiator area, system pumping power and vapor chamber fin/duct interface were
temporarily neglected in order to focus attention on the condenser section weight calcula-

tions. The considerations which were factored into this analysis were:

1. Meteoroid criteria
2. Thermal performance in terms of fluid flow and heat transfer characteristics

3. Structural integrity under thermal and launch loads.

These subjects are treated individually in the following paragraphs.
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Figure 5-1.

B

GEOMETRY 1

LENGTH (L) = 0.5, 1.0, 1.5, 2.0 (FEET)

O. DIAMETER (0.D.) = 0.50, 0.75, 1.00 (INCHES)
FIN THICKNESS (T ) = 0.010, 0.020, 0.040 (INCHES)
FIN LENGTH (L) = 0.000, 0.125, 0.250, 0.500 (INCHES)

TUBE THICKNESS = 0.015(INCHES)

GEOMETRY 2

LENGTH (L) = 0.5, 1.0, 1.5, 2,0 (FEET)
EQUIV. DIA: (D) = 0.25, 0.50, 0.75 (INCHES)

CHANNEL W(DTH (W) = 0.250, 0.375, 0.500, 0.750,
.000, 1.500 (INCHES)

PLATE THICKNESS (TP) = 0.015 ~ 0,023 (INCHES)}
INNER WALL THICKNESS (TW) = 0,010 (INCHES)

[

GEOMETRY 3

LENGTH (L) = 0.5, 1.0, 1.5, 2.0 (FEET)

DISTANCE ACROSS R
FLATS (F) = 0.25, 0.50, 1.00, 2,00, 3,00 (INCHES)

HEXAGON HEIGHT (H) = 0.25, 0.50, 0.75 (INCHES)
PLATE THICKNESS (TP) = 0.005, 0.010, 0.020 (INCHES)
INNER WALL THICKNESS (TW) = 0.005, 0,010, 0.020 (INCHES)

GEOMETRY 4

LENGTH (Ly = 0.5, 1.0, 1.5, 2.0 (FEET)
EQUIV, DIA. (D)
FIN THICKNESS (T
FIN LENGTH (L

= 0.50, 0.75. 1.00 (INCHES)

= 0.01, 0.02, 0. CHE
e =0 0.0 04 (INCHES)
pry) = 0-000, 0,125, 0.250, 0.500 (INCHES)

CHANNEL THICKNESS (T ) = 0.015 (INCHES)

Concept Parameters Evaluated
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5.1.1 VAPOR CHAMBER ANALYTICAL CONSIDERATIONS

5.1.1.1 Meteoroid Criteria

A major factor in the design of any active space heat rejection system is consideration of
possible meteoroid damage. The vapor chamber fin approach to radiator design can limit
the amount of meteoroid armor required due to the fact that the number of primary fluid
ducts can be reduced. Puncture of individual vapor chambers is not serious due to the

redundant characteristics of this design.

In a conduction fin radiator, operating at relatively high temperatures, tube spacings
greater than a few inches cannot be tolerated due to the low fin efficiences incurred. This
condition increases the amount of tubes and required meteoroid armor as compared to the
vapor chamber fin concept. Although the vapor chamber fin radiator is less susceptible
to critical meteoroid damage than the conduction fin radiator, the effect of the meteoroid

environment must still be considered in the design.

Several difficulties are apparent in the selection of a design criterion to minimize the
probability of meteoroid penetration. The data obtained from satellite experiments by
various impact sensors and of indirect measurements from zodiacal light and radar
photographic observation of meteors show various discrepancies. Secondly, simulation

of the available data by hypervelocity impact tests is impossible due to the inability of
experimenters to duplicate observed meteoroid velocities. Meteoroid velocities are
reported to average 17 to 20 km/sec while projectile velocities in the order of only 8
km/sec can be achieved in the laboratory. The third problem become s one of interpreting
and modeling the observed meteoroid flux and hypervelocity impact data into an analytical
expression which can be used for a reliable radiator design. The sporadic nature of meteor-
oid events, the uncertainty involved in the hyperveiocity impact testing and the variation of
damage mode with respect to tube and tube liner materials and thicknesses combine to fur-

ther complicate the situation.
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The damage criteria generally used and widely accepted for calculating meteoroid armor

protection requirements is that proposed by Loeffler, et al (Reference 2) where:

where

B

P
ND

5 \1/2 [, \2/3 VST ,a » /38 1/38

mp mp 6 - Vv 1 ) (5-1)
Zlog P

Py C D log, Pxp A+l

required armor thickness
damage thickness factor
materials cratering coefficient
meteoroid density (0.5 g‘m/cms)
armor material density
meteoroid velocity (25 ki /sec)
sonic velocity in armor
vulnerable area

mission time

.2

-14.41 ggl 2
10 5

m -sec

1.22

design probability of no critical damage

The constants a and y vary from material to material and with damage mode. The

values utilized for the rear surface dimpling damage factor, a, and the cratering coeffici-

ent, v, were 2,40 and 1. 67, respectively, as cited for stainless steel in Reference 5.

A more recent study, Reference 6, determined the cratering coefficient for several

materials as a function of temperature. For 316 stainless steel, the cratering coefficient

was estimated to be:

T\ .
Yy =¥ 7 (5-2)

R
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where:

‘yR = room temperature cratering coefficient, 2.19
TR = room temperature (absolute)
T = target temperature (absolute)

At 11000F, this relation yields a value of 2,62 for the cratering coefficient. The discrepancy
between the two values of ¥ is substantial and efforts to show the effects of this difference
on radiator weight are presented in Section 7.2.

The value of PN utilized in Equation 5-1 refers to the probability of no critical damage,

however, in the ]x)/apor chamber radiator, critical damage to a percentage of the vapor
chambers is acceptable., Therefore, it is necessary to calculate the probability of no
critical damage to the vapor chamber based on an overall probability of mission survival.
Obviously, since a percentage of vapor chambers will be allowed to fail, the value of PND

will be a small number.

The fundamental expression which describes the frequency of random events is the binomial

distribution:
N 1
T n (N, ~n)
= 1- -
Pn T mm o PR T (5-3)
T
where:
P = probability of a single event occuring
NT = total number of independent trials
n = number of events occurring
Pn = probability that the event will occur n times.
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If this expression is applied to the vapor chamber fin radiator, the following analogies

are apparent:

P _ the probability of a single chamber surviving
N__ . the total number of chambers
n ~ the number of chambers which will survive

P~ the probability of n chambers surviving

By summating the expression between n= N_ and n= N_,, the overall probability, Po of

S T’
NS’ or more chambers surviving can be obtained:
N
T N_ ! (N_,-n)
T n T
Po= 2 —— -z P (1-p 5-4
o nst n! (NT - 1) ( ) (5-4)

By putting the desired probability of mission success, Po’ total number of chambers,

N, and the number of chambers surviving, N_, it is possible to solve for the individual

T S

survival probability, p. The value of PND input into Equation 5.1 is the overall probability

of no critical damage. This is obtained by raising the individual survival probability to the

NT power. Therefore,

N
_ T
PND = p (5-5)

The vulnerable area of the vapor chambers was assumed to be the entire vapor chamber

surface area. The area and survival probability term in Equation 5-1 reduces to the follow-

ing:
1 1 1
A /38 M) A ] /38 A /38
\4 _ T c _ C (5-6)
- - -1 e -
log, P N[ log, (p)]J log, (p)

where

AC = vulnerable area of a single chamber
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An investigation was performed with the RSURV computer program to determine the
relationship between p, the individual survival probability, and Po’ the overall survival
probability, for varying survival percentages. Typical results of these studies are illus-
trated in Figures 5-2 and 5-3 for various values of NS/NT. These curves illustrate two

important facts:

1. When large numbers of chambers are present, small changes in the individual
survival probability create large changes in the overall survival probability.

2. The value of the individual survival probability required to obtain a large
overall survival probability is one or two percent higher than the fraction
of chambers which survive.

Previous work has indicated that the optimum fraction of chambers which are allowed to
survive is dependent upon the temperature and design of the radiator; values between 0.8
and 0.9 have been found to be the most advantageous. Due to the low thermal conductivity
of stainless steel and the relatively high operating temperatures, a value of 0.9 was selec-

ted for this study.

5.1.1,2 Vapor Chamber Relationships

The heat pipe (or vapor chamber) is a closed system containing a two-phase fluid and
porous material which makes use of the physical phenomena of evaporation, condensation
and capillary action. With proper design, it is able to transport large quantities of heat
energy over relatively long distances, through small cross sections, with only a modest
temperature drop. Figure 5-4 shows a heat pipe as a closed container, lined with a wick
saturated with liquid; the remaining volume is filled with vapor of the same fluid. Heat
input at the evaporator causes liquid to vaporize resulting in a local pressure increase.
The induced pressure gradient causes the vapor to flow towards the condenser section
where energy is being transferred to the environment. The vapor condenses and fills the
wick; condensate is returned to the evaporator by capillary action. The internal fluid loop
resulting from these processes will continue to function as long as the sum of the pressure

drops incurred in the vapor flow and liquid return is less than the capillary pump pressure
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Figure 5-2. Relationship Between the Overall and Individual Survival Probabilities
(as determined by the binomial distribution for 75 percent chamber survivability)

35



o}

OVERALL PROBABILITY, P

NT (NUMBER OF CHAMBERS)

Figure 5-3. Relationship Between the Overall and Individual Survival Probability
(as determined by the binomial distribution for 85 percent chamber survivability)
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Figure 5-4, Basic Heat Pipe

rise at the evaporator. The high effectiveness of the heat pipe is due primarily to the

fact that the energy transfer is accomplished in the form of the latent heat of vaporization.

5.1.1.2.1 Vapor Chamber Design

The four basic areas of design of a heat pipe are the vapor flow passage, the capillary
structure and the evaporator and condenser areas. All of these depend to some extent
upon the properties of the working fluid being considered. The selection of the working
fluid is extremely important if the heat pipe is to be utilized to its fullest extent. The

main physical properties of interest in a heat pipe fluid are as follows:

1. Vapor pressure - the vapor pressure should be low enough so as to be
easily contained at the operating temperature

2. Vapor density - a high vapor density is desirable in order to reduce the
required vapor passage flow area,
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Latent heat of vaporization - a high latent heat of vaporization reduces the mass

A high surface tension allows for longer heat pipes,

Liquid viscosity - a low value enables a finer capillary structure to be used as

3.
flow requirement,
4. Surface tensioh - the capillary pump pressure rise is directly proportional to
the surface tension.
5. Vapor viscosity - a low vapor viscosity minimizes the vapor pressure drop.
6.
well as a longer heat pipe.
7. Thermal conductivity - a high thermal conductivity minimizes the evaporative

and condensing temperature drops.

8. Liquid density ~ the density of the liquid phase should be high to reduce the

flow rate of the liquid through the capillary structure.

5.1.1.2.2 Vapor Chamber Performance Limitations
In general, heat pipes are subject to four heat transfer
limitations which will impair their operation. These
constraints, pictured in Figure 5-5 are: sonic velocity,

entrainment, boiling and wicking.

The sonic velocity limitation occurs when the vapor
velocity at the evaporator exit attains sonic velocity,
thereby limiting the pressure and temperature in the
condenser with an end result of reduced heat rejec-

tion capability .

When the vapor velocity and density are sufficiently high, entrainment of the liquid return

in the vapor is possible.

The conditions which determine the severity of the entrainment are dependent upon the con-
denser wick pore size, vapor density and velocity and the fluid surface tension.

of the vapor inertial forces to liquid surface tension forces can be expressed in terms of

the Weber number:
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This process can result in a depletion of fluid at the evaporator.

The ratio
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o Vvd
v

Y= Troe (5-7)
where

pv = vapor density

V = vapor velocity

d = a characteristic length dependent upon the wick pore size

o = surface tension

g = force-mass conversion constant

When this ratio exceeds 1. 0, entrainment is probable.

Boiling in the heat input section of a heat pipe is undesirable since it interferes with the
capillary action occurring in the wick. Therefore, in a zero g environment, liquid from
the condenser could be prevented from entering the heat input section by the presence of
vapor bubbles in the wick, The onset of boiling is difficult to predict because of the sensi-
tivity of this phenomena with the surface finish of the container and wick. Experimental
work has shown that the alkali metals require heat fluxes in excess of 105 BTU/hr—ft2 to
nucleate. Analytical studies, discussed in Section 7 indicate that evaporator heat
fluxes above 105 are not advantageous in a vapor chamber fin radiator, regardless of

nucleate boiling considerations.

The three limitations discussed above can be regarded as constraints which must be con-
sidered during the design of a heat pipe. The wicking limitation, which relates directly

to the pressure drop balance in the heat pipe, is generally used as a design criteria in
order to minimize the heat pipe weight. The capillary pressure rise is determined by the
choice of wick and fluid. It is then necessary to minimize the vapor passage flow area, the

condenser wick weight and fluid inventory without imposing an excessive pressure drop.
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From a quantitative standpoint, the following expression must be satisfied:

AP = AP+ AP (5-8)
where:
APC = capillary pressure rise
APW = wick frictional pressure drop
APV = vapor pressure drop

The capillary pressure rise can be evaluated by the following relationship:

AP —""—20— 5-9
c rpcose (5-9)

where:
o = surface tension of the fluid
rp = equivalent pore radius
cosB = angle of contact between fluid and pore surface

The pressure drop through the wick can be estimated by means of the treatment outlined

below. The pressure gradient within the wick can be written as:

-

grad Pw = Ku<v > (5-10)
where:
Pw = pressure within the wick
K = wick friction factor
u = liquid viscosity
< v> = local average liquid velocity
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Integration of Equation 5-10 to obtain the fluid pressure drop within the wick is dependent
upon the geometry of the wicked section. The problem can be approximated to be uniform
one dimensional flow through the wick.
Integration of Equation 5-10 gives

: APw = Kpu<v>tw (5-11)
where tw is the wick thickness along the direction of flow.
The average flow velocity can be related to the total heat transfer rate between the

potassium working fluid and the radiator fluid in the following manner. The energy

transferred can be expressed in terms of its latent heat of vaporization.

Q =mx (5-12)
where:

@ = heat transfer rate

= mass transfer rate

A = fluid latent heat of vaporization

The mass flow rate can be expressed as

m =p <v>A (5-13)

where:

fluid density

L)
il

flow cross sectional area

>
I
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Finally, the pressure drop within the wick can now be written as:

KutwQ@
AP = ——— 5-13a
w DA N ( 3a)
The pressure change in the condenser section may be either a drop or rise, depending upon
the relative magnitude of the frictional losses as compared to the dynamic energy contri-

buted by the decelerating condensing vapor. The expression used to calculate the vapor

pressure drop is:

4uv Qg
APV = 71 ich < 1.0 (5-14)
™R v A rV
or
Qz
AP = : ifR >1.0 (5-14a)
Vo2 a%0 2t ¢
PV v ©
where:
;zc = condenser length
Q = condenser heat load (defined as a negative quantity)
rV = vapor space radius
Rc = radiator Reynolds number
pv = vapor density
M = vapor viscosity
and
Q
= -1
Rc 2mTmu Al (5-15)
v ¢
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5.1.1.3 Structural Considerations

The heat rejection system for the advanced Rankine cycle may be designed as an active
load-bearing member attached to some type of supporting substructure. Previous studies
(References 7 and 8) have shown that a more effective arrangement of the heat rejection
system and launch vehicle structure can be achieved by utilizing the radiator system as a
load-bearing aerodynamic fairing. The principal reason for the effectiveness of this approach
is the fact that a substantial amount of structure must be incorporated into the design of the
radiator, in any event, to provide the necessary meteoroid protection and heat conductive
paths to its surfaces. Therefore, a basic ground rule of this study was the requirement

of the radiator to support a 15, 000 pound load during launch.

5.1.2 CONCEPT PARAMETRIC ANALYSIS

The fundamental fluid flow and thermodynamic expressions described above are contained
within the HPIPE computer program. This code was utilized in the analysis of Geometries
1, 2 and 4 to obtain weight and pressure drop data. Due to the basic differences between
Geometry 3 and the remaining concepts, a separate analysis, discussed in Section 5,1.2.4

was performed for this design.

The criteria used in determining the design values was weight; area was not a considera-
tion at this particular time. Attention was centered on the condensing portion of the vapor
chambers since a primary duct interface configuration had not been selected. However,

an assumption that the evaporator section was one-fourth the length of the condenser section

was made at this time to obtain effects associated with the evaporative AT and wick thickness.

The utilization of the HPIPE computer program proceeded in the following manner:

1. The values of the geometric parameters were input into HPIPE in accordance
with the ranges shown in Figure 5-1. Since HPIPE was originally designed for
circular geometry, appropriate changes were made in the input values for
hydraulic pipe radius and wall thickness so that proper pressure drops and
weights could be calculated.
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Wall thickness of the vapor chambers were determined by the meteoroid
protection requirements., The relationship between vapor chamber length,
diameter and required armor thickness is shown in Figure 5-6. This
analysis was performed under the ground rule that 90 percent of the vapor
chambers survived.

The wicking material was assumed to be a 100 x 100 mesh sintered screen
which has a friction factor, K, of 6.1 x 108 f£“ and a porosity of

63 percent as reported in Reference 9. A list of other candidate screen
sizes is provided in Table 5-1.

Table 5-1, S8 Sintered Screen Characteristics
(From Reference 9)
Wick Friction
Mesh Size Wire Diameter Porosity Factor
(wires/inch) (inches) (percent) K X 1078, 1/ft2
30 0.0090 62.5 1.4
100 0.0045 67.9 6.1
150 0.0030 67.8 -
200 0.0022 67.6 12.0

In order to limit the number of cases to be studied, all investigations took place at a

0
condenser surface temperature of 1100 F which corresponds closely to the average

temperature of the radiator under consideration.

Heat loads for each pipe were calcu-

lated on the basis of the chamber surface temperature and the fin efficiencies provided

in Figure 5-7.

These fin efficiencies were obtained from Figure 5-8, Reference 10,

where fin efficiency is plotted against a generalized length parameter, L. The expression

for L is:

o(

1

1

3 0.5

e. F +€2F2) T
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REQUIRED ARMOR THICKNESS, t, ~ INCHES

at Various Chamber Diameters

0.D., INCHES
5 1.50
0.030 -
1. 00
0.75
i 0.50
r
0,020 0.25
B MINIMUM ALLOWABLE WALL THICKNESS
DUE TO FABRICATION LIMITATIONS
0.273
0.010 tg = 0.179 ya E~1/3 o, -1/6 | AT
a Ya Eg t ~ i),
¥ = 1.67
- a 2.40
0 1 _ ,7_7[;7_,, —— | 1 |
1.0 2.0 3.0
VAPOR CHAMBER CONDENSING LENGTH ~ FT
Figure 5-6. Required Armor Thickness Versus Vapor Chamber Condensing Length
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where:

by = fin length

0 = Stephan - Boltzmann constant

€ = emissivity of fin, side 1

€y = emissivity of fin, side 2

F1 = view factor of fin to sink, side 1

F2 = view factor of fin to sink, side 2 (zero in this case)
T = {in root temperature

k = fin conductivity

1:f = fin thickness

With these inputs, the HPIPE program performed an incremental pressure drop calcula-
tion to see if Equation 5-8 was satisfied. Using an iterative technique, the wick thickness
was changed until a pressure balance was obtained. Weight calculations, in terms of the
chamber weight per kilowatt of heat rejected, were performed for each case (Geometries

1, 2 and 4), using potassium as the working fluid.

5.1.2.1 Geometry 1 Analysis

The parameters evaluated are shown below;
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Figures 5-9. 5-10 and 5-11 are results of weight calculations performed for Geometry 1.

The following statement can be made regarding Geometry 1.

1. A fin thickness of 0. 010 inches gave the lightest weight
2. In almost all cases, the presence of fins was advantageous

3. Increasing the condenser length increased the specific weight of the vapor
chamber fins since the wick thickness must be increased.

4. It was always advantageous to maintain the flow diameter at the minimum
allowable.

At the longer condensing lengths real cases could only be obtained for the larger diameter
chambers. This is directly related to an inability of the pressure balance to be satisfied
within the diameter provided. The longer chamber length, having a higher heat rejection

capability, requires a larger vapor flow path and liquid return passage.

Selected cases for Geometry 1 were also run with sodium and cesium (see Figures 5-12
and 5-13). The vapor chambers utilizing sodium showed a substantial specific weight
advantage over potassium while cesium was shown to be a very poor fluid for this applica-
tion. The lower specific weight of the sodium chambers can be attributed to its high latent
heat of vaporization and surface tension., Cesium has a much lower latent heat of vapori-

zation and surface tension than either potassium or sodium,

5.1.2.2 Geometry 2 Analysis

The parameters evaluated for Geometry 2 are shown below.
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Figure 5-9. Geometry 1 Specific Weight Versus Fin Length (TF = 0.010 in.)
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The results are shown in Figures 5-14 for potassium; the following characteristics can
be observed:

1. In general, wide but short channels are advantageous (the relationship between
channel height, width and hydraulic diameter are shown in Figure 5-15).

2. As in Geometry 1, the smaller the hydraulic diameter for a particular condens-
ing length, the lighter the vapor chamber (unless the pressure balance could
not be satisfied).

3. The required increase in wick thickness raises the specific weight as the

chambers become longer.

Geometry 2 was also run using sodium as the working fluid. These results, which are

lower in specific weight than the potassium cases, are presented in Figure 5-16.

5.1.2.3 Geometry 4 Analysis

The parameters evaluated for Geometry 4 are shown below.

The results of Geometry 4 (Figures 5-17 through 5-19) were similar to those of Geometry
1; small diameters, 0.50 inch conducting fins and short condensing lengths were found to
be desirable. Although the specific weights of Geometry 4 are higher than either Geometry
1 or 2, it was expected that Geometry 4 would have certain fabrication and structural ad-

vantages. No sodium evaluation runs were performed for Geometry 4.
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5.1.2.4 Geometry 3 Analysis

The configuration of Geometry 3 represents a significant departure from current heat
pipe experience. Consequently, the physical phenomena occurring within this hexagonal
array of vapor chambers could not be modeled in the existing HPIPE computer code,
Figure 5-20 shows a schematic of a vapor chamber fin/primary fluid duct arrangement.
If the energy transfer processes are examined it can be shown that Hexagon A will re-
ceive energy from Hexagons E and F and will transfer energy to Hexagons B and C

and also from its radiating surface to the environment. If the width of the hexagons is
small, very little energy transfer will occur in the axial direction. In essence, Hexagons
G, A and D would be operating at very similar temperatures and a negligible amount of

A A D

occur on sides 3E and 4F while evaporation would take place on 3A and 4A.

the evaporated fluid vapor would flow to sides lA and 6A where it could condense. The

remainder would have already condensed on the radiating surface. The latent heat of

energy would be transferred from side 5G to5, and2, to2_. Condensation of fluid would

A portion of

vaporization, released in the condensation process, evaporates liquid off sides 6B and 1c
of Hexagons B and C, respectively. In this manner, heat can be transferred along the
fin and also to the environment. The fluid within Hexagon A is returned from sides 6A’
1, and the radiating surface by an internal wick which covers the interior. No mass trans-

A
fer is possible between chambers.

The obvious disadvantage of this arrangement is the fact that the presence of stainless

steel walls and several evaporating and condensing surfaces in the direction of heat transfer
incurs a relatively large temperature drop along the fin. In the three previous designs,

the vapor chamber fin can be considered to be isothermal at any axial location. From the
standpoint of the radiator providing support for the powerplant during launch, the hexagonal

configuration is superior.

The performance of the hexagonal vapor chamber fin was evaluated primarily by the STEADY
heat transfer code. In this model, the vapor space was assumed to be of infinite thermal
conductivity. All walls running perpendicular to the primary fluid (in a direction along the

fin) were assumed to have an infinite resistance. The condition corresponds to zero axial
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energy transfer. All other walls were assumed to consist of three resistances in series:
a 0. 009-inch layer of fluid (condensing surface), a sheet of stainless steel which formed
the hexagon wall and a 0. 009-inch layer of fluid which formed the evaporative wall, No
vapor/liquid interface resistances were included and all heat transfer was assumed to be
by conduction. A liquid layer of 0. 009 inches was chosen since this corresponded to the
thickness of a single layer of 100 x 100 mesh sintered screen, In all cases, sodium was

considered to be the working fluid. Parameters evaluated are shown below.

The temperature distribution along the hexagonal vapor chamber fin is not continuous,
but rather, stepwise. For convenience, the results from the STEADY computer program
have been plotted in Figures 5-21 through 5-23 as a continuous function. From these illus-

trations, the following facts are evident:
1. The larger cell sizes incur fewer temperature drops, thereby maintaining a
nearly isothermal fin

2, The smaller cell sizes which produce the best structure induce large tempera-
ture drops along the fin

3. Varying the wall thickness of the hexagonal core has only a moderate effect on

performance.

The heat transfer results of the STEADY computer code were combined with weight cal-
culations for the hexagonal geometry to obtain the specific weight as a function of condens-

ing length, facing thickness, core thickness and cell size.
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Figures 5-24, 5-25 and 5-26 show the specific weight versus the cell size for core heights
of 0.250, 0.500 and 0. 750 inches, respectively; for these cases, the core thickness was
kept equal to the facing thickness. Obviously, from a thermal standpoint the lightest cases

will consist of large cell sizes and thin faces and walls.

]éy factoring the structural considerations of this design into the problem, a more concise
and meaningful presentation of the results is possible. Initially, the radiator will be sub-
jected to atmospheric pressure while on the launch pad. For large cell sizes and thin fac-
ings, the radiator can become seriously deformed. In order to limit deformation during
this period, the cell facing was allowed to deflect a distance equal to one-half of its thick-
ness, This criteria is considered to be the limit of the elastic region. The following

minimum facing thicknesses were stipulated:

Cell Size (in,) Facing Thickness (in,)
0.500 0.005
1.000 0.010
1.500 0.020

By imposing these constraints on the results of Figures 5-24, 5-25 and 5-26, a locus of
minimum weight radiators can be defined for each condensing length. This procedure is

indicated on the respective figures.

Since thin core material is desirable from a heat transfer standpoint and relatively thick
facing material is required from structural considerations, additional cases were generated
in which the facing thickness was varied with a constant core thickness of 0. 005 inches.
These cases are shown in Figures 5-27 through 5-30. For each cell size,core height and
vapor chamber length, it is now possible to select the minimum weight case. These results
are shown in Figure 5-31. At vapor chamber lengths of 0.50 and 1, 00 foot, the 0.250 inch
core height is lighter. However, the 0.500-inch core height becomes more advantageous

as the chamber is lengthened due to the need for more heat transfer area. Optimum cell
sizes fell in the range between 0.75 and 1. 00 inch. The data for the 2. 0-foot vapor chamber

length curves were extrapolated.
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On a preliminary basis the hexagonal configuration does not demonstrate an advantage
over the other geometries. This is a direct result of the temperature drop imposed in
going from one cell to the next. Other approaches were examined which tried to take
advantage of the honeycomb structure, yet did not involve a temperature drop in going
from cell to cell. For example, by drilling small holes in the core, fluid could be trans-
ported from one cell to the next. This concept presented two problems: a pressure drop
(and attendant temperature drop) would be incurred during passage through the holes, and
secondly, the return fluid wicking would be extremely difficult to design and fabricate.
The relationship between the vapor temperature drop and required flow area is shown in

Figure 5-32 for a specific case.
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The next portion of the analysis examined the integration of vapor chamber geometries with
the primary duct and effect of the primary fluid ducts on the overall radiator design. Two
basic nonfinned duct configurations were considered. One concept which allows heat to be
transferred to both sides of the heat pipe evaporator section, is shown in Figure 5-33 as
integrated with Geometries 1 and 2. This concept should result in a higher effective radi-
ating temperature and a smaller radiator area. The second concept, Figure 5-34 is a self-
contained fluid duct which can transfer heat from only one of its surfaces. Unlike the first
concept, the primary fluid is not in direct contact with the vapor chambers. However, this
arrangement provides the primary fluid ducts with meteoroid '"bumper' protection and is

considerably easier to fabricate.

In order to draw a comparison between each radiator vapor chamber condenser geometry
from an integration and total radiator standpoint, a computer code was written which would
calculate: required primary duct size, primary duct armor thickness, total radiator area,
radiator duct weight and fluid pump work. These results were then combined with data pre-
vioulsy obtained from the vapor chamber condenser/fin analysis. In this fashion, a total

radiator weight was calculated as a function of condenser length.

Figure 5-35 illustrates the logic utilized in calculating the weight of the fluid ducts and
system pump work weight penalty. Although the logic is identical, two sets of equations
were utilized within the code so as to reflect both primary duct concepts. Since the required
length of the primary fluid ducts and the required armor thickness are interdependent, an
iteration loop was necessary to effect a solution. The final output from the code was the
primary fluid duct system weight as a function of duct width and vapor chamber fin condens-

ing length.

One important aspect of the primary duct design is the flow velocity. This parameter
strongly influences the primary duct pressure drop, coolant film temperature drop and
vulnerable area. Consequently, preliminary cases were run in order to estimate the

optimum primary fluid flow velocity. Using vapor chamber fin Geometry 2, in conjunction

7



PRIMARY DUCT

HEAT TRANSFER

FLUID
VAPOR CHAMBERS
GEOMETRY 2
(PENETRATING)
ALTERNATE
1.0 (NONPENETRATING)
PRIMARY FLUID

AT os b
AT .

TOT CHAMBER WALL

EVA PORATOR AND CONDENSER WICK

0 B

AT'S ASSOCIATED WITH PENETRATED DUCT CONCEPT

PRIMARY DUCT

HEAT TRANSIFER VA l’(?R C%{A M_HI'JR.S
FLUID GEOMETRY 1

{(PENETRATING)

Figure 5-33. Primary Duct Concepts Heat Transfer - Both Sides (Penetrating and
Nonpenetrating

78



At
ATT(ﬂ'




SELECT
CONDENSER
LENGTH, L'c

CALCULATE
NUMBER OF
PRIMARY DUCTS

SELECT
DUCT WIDTH

AND FLOW VELOCITY

CALCULATE

HYDRAULIC
DIAMETER
OF DUCT

ON FIRST ITERATION
ASSUME A DUCT LENGTH, Lp

CALCULATE
VULNERABLE
AREA OF DUCT IF
1
Ly ¢ L
) LET Ly = Ly L CALCULATE
RADIATOR
CALCULATE CHECK ON Lt =L ap
DUCT RADIATOR D D
ARMOR THICKNESS LENGTH
ASSUMPTION
’ CALCULATE
PUMP WORK
CALCULATE
EVALUATE LENGTH OF
HEAT TRANSFER RADIATOR
COEFFICIENT CALCULATE
BETWEEN FLUID DUCT
PRIMARY FLUID WEIGHT
AND VAPOR
CHAMBER
i
FIND EFFECTIVE CALCULATE CALCULATE
RADIATOR TOTAL RADIATOR FLUID DUCT WEIGHT
SURFACE AREA PLUS SYSTEM PUMP
TEMPERATURE PENALTY WEIGHT

Figure 5-35. Flow Chart for Computer Program to Evaluate Primary Fluid Duct

System Weight Penalty

80




with the nonpenetrated primary duct concept, the primary duct weight as a function of con-~
densing length and flow velocity was determined. Figure 5-36 summarizes these results.
For reasonable duct widths the optimum flow velocity was approximately 10 feet per second.

This value was used for the remainder of the investigation.

The evaluation of the radiator optimum weight excluding structural considerations for each
geometry was performed by combining the results of Section 5.1 (vapor chamber fin matrix
weight) with the data from the primary fluid duct computer program. The manner in which

this was done is described below.

The trade-offs involved in the analysis for all concepts can be understood by examining

vapor chamber fin Geometry 1, with the offset nonpenetrating primary fluid duct. Figure 5-37
shows that as vapor chamber fin length decreases, the primary fluid duct weight increases.
This is elementary since more primary fluid ducts are required. For each vapor chamber

fin length, an optimum primary duct width exists. At a small duct width, a substantial

AT is imposed between the bulk primary fluid and the vapor chamber fin condenser. This
produces a lower effective radiator temperature, larger radiator area and longer, more
heavily armored, primary ducts. As the duct width is increased, smaller radiator areas

are possible. At some point, depeading on the vapor chamber fin length, further extension

of the duct width no longer drops the AT sufficiently to warrant the increase in duct vulnerable

area. The corresponding radiator area for these cases is provided in Table 5-2.

Using the results obtained for the weight of the vapor chamber fin condenser sections
(Section 5. 1) and the output of Figure 5-37, a total nonstructural radiator weight can be
obtained as shown in Figure 5-38. From Figure 5-38, a locus of points can be drawn
through each condensing length minimum . Clearly, the total radiator weight decreases
with decreasing condensing length. In order to determine the exact value for the minimum
weight condensing length. the results are replotted in Figure 5-39. For the case examined,
the optimum length occurred at 5.40 inches. In some instances, additional computer runs
were performed to calculate the primary duct weight for particular condensing lengths.

Below a six-inch condensing length, the primary fluid duct weight increases dramatically.
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Table 5- 2 . Influence on Radiator Area for Various Duct Widths and Vapor Chamber
Condensing Lengths

Vapor Chamber Duct Width Required Raihator
Length, L_(Ft) W, (in.) Area, A (Ft')
0.5 0.50 1505
1. 00 1065
1.50 965
2.00 920
1.0 1.0 1545
1.5 1270
2.0 1160
2.5 1090
3.0 1040
1.5 1.5 1515
2.0 1260
2,5 1135
3.0 1065
3.5 1030
4.0 1010
2.0 2.0 1290
2.5 1145
3.0 1070
3.5 1030
4.0 1015
4.5 1005

A summary of the optimum radiator weights is shown in Table 5-3 for each configuration.
The radiator weights for either type of primary fluid duct did not vary dramatically; however,
the offset duct geometry generally incurred a 20-to-30 percent penalty. One outstanding
result is the number of chambers required in the hexagonal vapor chamber concept. The
weights presented do not include structural weight; this analysis is presented in the

following section.
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Table 5-3 . Optimum Radiator Weights Using Potassim* Vapor Chambers
(No Additional Structural Members)

Central Duct

| Optimum
Vapor Primary Optimum Nonstructural
Chamber Fin Duct Condensing Radiator
Geometry Geometry Length, in. Weight, 1bs.

(Fin Thick, ~ in.)

1 (0.010 Fins) Nonpenetrated 5. 85 1800
Offset Duct

1 (0. 020 Fins) Nonpenetrated 7.96 1950
Offset Duct

2 Nonpenetrated 6.30 1520
Offset Duct

3 Nonpenetrated 9.42 2850
Offset Duct

4 (0.010 TFins) Nonpenetrated 7.50 1980
Offset Duct

4 (0.020 Fins) Nonpenetrated 7.20 2075
Offset Duct

1 (0.010 Fins) Penetrated 6. 00 1510
Central Duct

1 (0.020 Fins) Penetrated 7.50 1700
Central Duct

2 Penetrated 7.05 1670
Central Duct

3 Penetrated 6.73 2500
Central Duct

4 (0.010 Fins) Penetrated 6.75 1710
Central Duct

4 (0.020 Fins) Penetrated 7.20 1725

*The hexagonal configuration (Geometry 3) utilized sodium
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5.3 VAPOR CHAMBER FIN CONCEPT/RADIATOR STRUCTURAL EVALUA TION

5.3.1 GENERAL

A realistic comparison between the candidate vapor chamber concepts must include an

estimate of the overall weight, including additional structural members required to support

the launch loads.

Figure 5-40 shows the four radiator panel concepts analyzed. Since the panels did not
have sufficient strength, structure, in the form of rings and longerons, was added as re-

quired to support the launch load.

5.3.2 LOADS

For an unshrouded design, the flight loads consist of aerodynamic loads as well as
acceleration or g loads. The most severe axial load distribution and shear and moment

distributions, due to aerodynamic loading during a two stage Saturn V launch, are shown

baad te 48 ERE beas
T [ T o O

2 Q{%‘

Cp

CYLINDRICAL/FIN RECTANGULAR CHANNEL HEXAGONAL HONEYCOMB OFFSET RECTANGULAR CHANNEL

Figure 5-40. Vapor Chamber Fin Concepts
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in Figure 5~41. This load condition occurs at maximum qo, where, q, is the dynamic
pressure and, «, is the vehicle angle of attack., The most severe axial load distribution
and shear and moment distribution, due to acceleration, are shown in Figure 5-42. The
load distribution due to aerodynamic and acceleration loads have been superimposed to

obtain the design loads for the radiator/structure design,

For preliminary analyses purposes, the axial load and bending moment can be expressed

in terms of an equivalent axial load by the equation

Peq = P

+ = -
axial D (5-17)

where
Peq =  equivalent axial load
P . = axial load
axial
M =  bending moment
D = diameter

The equivalent axial load for a load bearing radiator, at the maximum qqg condition for a

two-stage Saturn V is shown in Figure 5-43.

5.3.3 ASSUMPTIONS

1. The radiator and support structure material is AISI 316 stainless steel.

2. The equipment forward of the radiator weighs 15, 000 pounds.

3. The conical radiator can be approximated by a cylinder having a diameter equal
to the average diameter of the radiator and a length equal to the slant height of

the radiator and the relationship between the equivalent axial loads of the conical
and cylindrical configurations can be expressed

2
Pc = Pc cos « (5-18)
eq yeq
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where

Pceq = egquivalent axial load in cone
Pcyeq = equivalent axial load on cylinder
o =  half-cone angle

5.3.4 ANALYSIS

The load carrying capability of reinforced shell type structures, such as the radiator
assembly, is generally limited by structural instability., Three types of instability were
examined for each radiator concept: (1) panel instability, (2) general instability and

(3) local instability.

Panel instability, Figure 5-4la, is characterized by buckling of the skin and longitudinal
stiffeners between rings, which remain round. For the VCF radiator designs, the primary
ducts act as longitudinal stiffeners. These are supplemented by additional longitudinal
members as required. The relationship between the properties of the longitudinal stiffeners

and the longitudinal load capability can be expressed

2
T E
Lcr - f P (5-19)
c
where

Lcr = critical length between rings or frames

E = modulus of elasticity of stiffener

fC = applied compressive stress

o] = radius of gyration

Therefore, knowing the equivalent axial load, Peq, the applied compressive stress can be

determined from the expression
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__Peqa (5-20)

f =
+
¢ AL T Apest
where
AL = area of longitudinal stiffeners
APeff = effective cross sectional area of radiator panels

Then apply Equation (5-19), the required ring or frame spacing, LCr can be determined.

General instability, Figure 5-44b, is characterized by the out-of-round deflection of one
or more frames or rings., This type of instability occurs when the rings or frames are
not sufficiently stiff and therefore permit buckling of the longitudinal stiffeners to extend
over several frames. The required stiffness of the rings or frames to prevent general

instability is given by the expression

2
- MD d (5-21)
I = % TEL
where
f[} = required moment of inertia of frame
C, = 6.25x 107° (Reference 1)
M = applied bending moment
D = diameter of rings
d = Lcr - frame spacing
E = modulus of elasticity
L = total length of radiator
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The third mode of failure considered is the local failure of the individual radiator panels
by (1) sheet buckling such thatnodes occur only atthe attachment to rings and stiffeners or (2)

by a number of discrete failures within each panel. The former can be evaluated from the

expression:
K 7r2E 2
F = ¢ x
c 2 (b) (5-22)
cr 121 -v )
where
F, = critical compressive stress on panel
cr
K, = coefficient given by Reference
E = modules of elasticity
v = Poisson's ratio
t = effective thickness of radiator panel
b =  width of panel

The latter form of local failure is a function of the panel concept being investigated as

illustrated in Figure 5-45.

The potential modes of local failure for Geometry 1 are tube failure or fin failure as
illustrated in Figure 5-45a. The load capability for the tubes is given in Figure 5-46 as a
function of wall thickness and tube diameter. The load capability for the fins is given in
Figure 5-47 as a function of fin height and thickness. Since the tubes and fins carry equal
loads, the optimum structural design exists when the allowable loads, Po’ as defined by
both Figures 5-46 and 5-47 are equal. Therefore, for a given longitudinal load distribution,
the appropriate tube and fin dimensions can be selected from Figures 5-46 and 5-47.

Figure 5-47 is applicable also to Geometries 2 and 4.

93



FIN BUCKLING TUBE CRUSHING

A. LOCAL FAILURE MODES FOR GEOMETRY 1
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Figure 5-45. Local Failure Modes
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Local failure of Geometry 3 can occur due to intercell buckling as illustrated in Figure 5-45c.
This type of failure is characterized by buckling of the face sheets within the confines of
individual cells. The critical stress for stainless steel face sheets is shown in Figure 5-48
as a function of cell size and face sheet thickness. The corresponding critical equivalent
axial load, Peq, acting on a cylindrical section of radiator is shown in Figure 5-49 as a
function of the radiator diameter, the cell size and the face sheet thickness. Typical di-
mensions defined by thermal requirements are S = 1.5 inches and ’cf = 0,015 inches. From
Figure 5-48, it can be seen that the critical face sheet stress is approximately 30, 000 psi
compared to a yield stress of 120, 000 psi or 25 percent of the maximum obtainable utilization.
Figure 5-50 presents the density in pounds per square foot of radiator area as a function of
the dimensions of the honeycomb panels. The core density and face sheet density is
separated to permit freedom in trading off the geometric parameters. The use of Figures

5-48, 5-49 and 5-50 permit rapid preliminary evaluation of the effects of cell geometry and

face sheet thickness on load carrying capability and weight.
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Figure 5-48, Intercell Buckling Stress vs Facing Thickness and Cell Size
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The load carrying capability of the individual radiator panels, having Geometries 2, 3
and 4, is adversely affected by the pressure differential existing across the face sheets
during launch, This pressure differential, which exists due to the near vacuum within
the chambers in the cold condition, deforms the face sheets as shown in Figure 5-5la.
The loading condition of the section of face sheet covering an individual cell is shown in
Figure 5-51b, where q is the differential pressure acting across the face sheet and P is

the longitudinal compressive load derivable from Equation (5-17).

If the stress produced in the face sheet by the load P is denoted by fc and if the critical
buckling stress is denoted by fcr, a safety factor of one for the condition q = o requires
that Rc= fc/fcr = 1, If it is required that the sum of the applied compressive
stresses must not exceed fcr for the condition q = o, then for a safety factor of one,

Rc + Rb = 1, where Rb = ib/fcr and f'b is the compressive stress due to the bending
resulting from q. Then, for any finite value of R_b, Rc is reduced to RC = 1-R,. The

resulting relationships between RC, Rb’ t and £ are shown in Figure 5-52. For :xample,
if a reduction in load carrying capability of 60 percent is permitted due to the pressure
differential, then Rc = 0.40 and Rb < 0.60. From Figure 5-52b, the minimum permis-
sible face thickness, t, for a cell length, £, of 0. 50 inches is approximately 0. 027 inches.
The significance of these curves is to illustrate the severity of the reduction in load
carrying capability resulting from the pressure differential across the cell face sheets.

Since the equivalent axial load, P, is fixed, additional structure is required to account

for the reduction in axial load capability.

[ M.

Figure 5-51. Face Sheet Loading
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5.3.5 SUMMARY OF RESULTS

The results of the analyses described are summarized in terms of weight in Table 5-4

5.4 FABRICATION EVALUATION

5.4.1 GENERAL

A load bearing vapor chamber radiator consists of the following major elements:

1. Structural stiffening rings

2. Splice/attachment plates

3. Mounting/interface structure
4. Vapor chamber fins

5. Primary fluid ducts

6. Primary fluid headers and feed lines.

The structural and attachment members and fluid headers were not considered in this phase
of the comparative evaluation since these techniques are not significantly dependent on
vapor chamber geometry., Rather, a review was made of the fabrication and assembly of
individual and groups of vapor chambers in conjunction with the primary fluid duct. Results
were incorporated with the thermal, structural and weight evaluations performed to assist

in the selection of the most desirable vapor chamber geometry for the radiator.
Ultimately the fabrication techniques required comprise a significant part of the overall
cost and feasibility of the radiator. It is, therefore, considered important to select and

test a vapor chamber geometry that is representative of concepts that would be employed.

Key criteria considered in the fabrication evaluation include:
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A1)

Table 5-4. Summary of Radiator Structural Weights

Area Ring Required Additional
No. of Rings Weight Sheet Sheet Structural
Configuration/Geometry (th) Chambers | Required (1bs) Thickness W?}'gght (Lbs)
(Cpen Ducts) ted o)
1 10 mil fin 855 11,500 6 303 0.019 363 666
2 15 mil plates 630 9,200 4 195 0.018 166 361
1 20 mil fin 800 8,500 6 283 ———— - 283
4 10 mil fins 885 8,900 6 314 0.019 375 689
4 20 mil fins 860 6,550 6 305 - -— 305
3 0.5 in. cells (0,0075 in.) 950 281,000 6 324 0.0095 155 479
(Closed Ducts)
2 15 mil plates 750 11,100 4 232 0,018 197 429
1 10 mil fin 1000 12,800 10 560 0,018 382 942
1 20 mil fin 950 9, 050 10 532 -—— -— 532
4 10 mil fins 990 8,950 8 436 0.023 470 906
4 20 mil fins 950 7,700 8 418 - - 418
3 0.5 in. cells (0,0075 in.) 1370 405,000 8 464 0.011 362 826




1. Use of Stainless Steel (316 or equivalent).

2. Requirements for the fabrication and assembly of several thousand heat pipes,
within reasonable time and cost constraints. Minimize complex structures.

3. Repetitive reliability in fabrication and assembly processes consistent with life-
time and thermal requirements.

4. Incorporation of wicks in each heat pipe required.

5. Cleanliness of fabrication, charging of liquid metals and individual sealing of each
pipe must be achieved.

6. Material joining techniques must be consistent with known and established
procedures, near state-of-art fabrication technology assumed.

7. Vapor chambers must be compatible with primary fluid ducts.

5.4.2 FABRICATION TECHNIQUES
The geometrics lend themselves to one or more manufacturing processes largely dependent
on the design characteristics of the vapor chamber. Manufacturing processes considered

most appropriate are listed in Figure 5-53,

5.4.2.1 Sheet Metal Rolled and Welded

Pipe and tubular vapor chambers can be made by either butt welding or piercing, the latter
being a seamless process. Heated strips of stainless steel which have edges beveled
slightly are used so that they will meet accurately when formed in a circular shape. As
the strip is pulled through the welding bell, the circular shape is formed and the edges are
welded together. A final operation can pass the pipe through shaping and finishing rolls to

give correct size (circular or elliptical).

5.4.2,2 Special Welding (Electron Beam and TIG)

Electron Beam or Tungsten Inert Gas (TIG) welding techniques afford a method of obtaining
coalescence of materials within controlled environments. In the TIG technique, shielding
of the weld joint is obtained from an inert gas such as helium or argon. Tungsten electrodes

are usually used because of their high melting point and virtually nonconsumable nature.
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Figure 5-53. Fabrication Processes for Vapor Chamber Geometries

Manual open welding can be accomplished with the use of inert gas jets. Horizontal and
vertical welding chambers are available which provide an ultrahigh purity helium atmosphere
and capable of handling hardware of several feet in diameter or length. Electron beam
welding is performed in a specially designed vacuum chamber with remote welding capability.
Essentially no foreign material is interjected into the weld to provide an extremely high
purity noncontaminated weld joint. Since electron beam welding must be done under a
vacuum, part size is more restrictive than that of TIG welding. Electron beam and TIG
welds are considered well suited for heat pipe fabrication due to their relatively clean weld

capability.

5.4.2.3 Brazing

Brazing affords a relatively low cost method of joining, particularly if several similar
surfaces can be joined in a single application. Brazing involves the use of a nonferrous
filler material applied between two closely fitting surfaces. The filler material, melted

at a lower temperature (above 8000 F) than the base material, is generally distributed by
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capillary action. For a satisfactorily brazed joint, it is essential that the liquidous
(melting) temperature of the filler material is reached and metal wet, or alloy, with the
metal surfaces on which it is applied. The brazing temperature must be above the operating

temperature of the part. Some of the advantages attributed to brazing are as follows:

1. The completed joint requires little or no finishing
2. The relatively low temperature at which the joint is made minimizes distortion
3. There is no flash or weld spatter

4. Brazing techniques do not require as much skill as the technique for electron
beam and TIG welding

The process can be easily mechanized

(%]

6. The process is economical,
Disadvantages which must be considered when selecting joining methods are:

1. If the joint is to be exposed to corrosive media, the filler metal used must have
the required corrosion resistance

2. All of the brazing alloys lose strength at elevated temperatures requiring careful
selection and application of the brazing alloy.

Brazing is especially suited for relatively large surface area joints where good heat
transfer is required or where configurations permit the joining of many surfaces in a

single operation.

5.4.2.4 Extrusion

Many of the heat pipe configurations lend themselves to extrusion techniques, particularly
shapes approaching circular or elliptical tubes. The principles of extrusion, similar to

the act of squirting toothpaste from a tube, has long been utilized for a variety of materials

and shapes. The extrusion of stainless steel must be done at elevated temperatﬁres (~24OOOF).

Several limitations applicable to the extrusion of heat pipes are worthy of note.
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Extrusion of nonuniform surfaces and thicknesses can cause part warpage especially
where considerable lengths are involved. Extrusions of small diameter (< 3/8 inch)
stainless steel tubes with wall thicknesses of 50 mils or less is difficult because of the

inability to maintain close tolerances.

5.4.2.5 Diffusion Bonding

Diffusion bonding is one of the more recent and effective methods of attachment. The
principle of the bonding mechanism is the use of a prescribed pressure and metal to metal
contact at the proper temperature-time relationship to achieve a metallurgical bond. The
actual bond of the materials is caused by the migration of atoms across the interface at
sufficiently high temperatures to reduce the time required, and grain growth without
recrystallization. Temperatures associated with stainless steel bonds are approximately
2000°F. Intersticial materials such as nickel are sometimes added to increase diffusion
and uniformity of the surface. Methods of applying pressure to the surfaces and size
limitations of autoclave or similar type furnaces are constraints which must be considered
before design or selection of a fabrication technique can be made. Due to the requirements
for rather unique fixtures and facilities, the diffusion bonding technique is considered a

relatively costly process but provides a very suitable method for the bouding of certain

parts.

5.4.2.6 Vapor Chamber Geometry Fabrication Evaluation Results

A degree of fabrication difficulty comparison was made of each concept which was subse-
quently used in the overall evaluation which included thermal, integration, structural and
fabrication considerations. Results of the fabrication evaluation for each of the four
general concepts are contained in Figures 5-54 through 5-57. Geometry 2 was judged to
be more difficult than Geometry 1 due to end closures and wall joining techniques. Brazes

required may give somewhat lower reliability than welds.

Of the four basic geometries considered, the number of individual vapor chambers
required for the complete radiator were calculated to range from less than 7000 for

Geometry 4 to over 400, 000 for Geometry 3.
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Figure 5-54. Geometry 1 Fabrication Techniques
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Figure 5-55. Geometry 2 Fabrication Techniques
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Figure 5-56, Geometry 3 Febrication Techniques
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Figure 5-57. Geometry 4 Fabrication Techniques
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5.5 VAPOR CHAMBER FIN DESIGN CONCLUSIONS

From the analysis presented, Geometry 2 using a closed nonpenetrated duct was selected
as the optimum VCF configuration, This decision was based on a combination of factors
including thermal performances, radiator weight, integration with primary duct, structural

weight and ease of fabrication. Figure 5-58 summarizes the evaluation results.

Total radiator weights for each radiator concept are provided in Table 5-5. In general,

the open penetrated primary fluid duct provided a lighter weight system than the completely
enclosed nonpenetrated configuration. However, the overall radiator weights of
Geometries 1, 2 and 4 did not vary that greatly. The 0.010 inch thick fin cases for
Geometries 1 and 4 required excessive structural members which lessened their attrac-
tiveness. The honeycomb configuration was considerably heavier, largely as a result of
its lower effective radiating temperature. The large number of individual chambers in

this design is another deterrent to its selection.

Sodium was chosen as the working fluid because of its superior performance over the
entire radiator temperature range. The results of the fluid analysis, obtained with the
HPIPE computer code, for Geometry 1 are provided in Figure 5-59. Cesium was the
poorest fluid by a wide margin; in fact, with a 0.5 inch pipe diameter, the only operating
region possible was in the vicinity of 11000F. At higher temperatures the surface tension
of cesium was inadequate to provide the capillary pumping, while at temperatures below
11000F a lower vapor density, coupled with the low surface tension made it impossible to
satisfy the pressure balance. Although potassium exhibited satisfactory performance, the
higher conductivity, latent heat of vaporization and surface tension of sodium results in

lower weights for these cases.
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Table 5-5,

Summary of Radiator Weights

Thermal Evaluation

|

Structural Evaluation

lr Radiator Ring [ Required Sheet | Structural Total
Area | No. of Weight Rings Weight Th%f:éss Weight Weight Weight
Geometry (ft%) l Chambers (LB) : Required (LB) [ (IN) (LB) (LB) (LB)
(Nonpenetrated Ducts) ; 1 : ‘ ' \
2 15 mil plates L 750 11, 100 1520 4 232 o 0.018 ‘ 197 429 \ 1949
1 20 mil fins ‘[ 950 9050 1950 10 532 -— -— 532 ) 2482
4 20 mil fins i 950 ] 7700 2075 ; 8 418 ‘ ——— -— 418 2493
1 10 mil fins ‘ 1000 i 12, 800 1800 F 10 560 I 0.018 i 382 942 2742
4 10 mil fins | 990 8950 1980 |8 436 ooz | a0 906 2886
3 0.5 inch cell (. 0075 inch) | 1370 405, 000 ‘ 2850 8 464 k 0.011 362 826 3676
(Penetrated Ducts) ! i
1 20 mil fins 800 | 8500 1700 6 283 | -—- - 283 1983
2 15 mil plates 630 9200 1670 4 195 0.018 166 361 2031
4 20 mil fins 860 6550 1850 6 305 - -— 305 2155
1 10 mil fins 855 11, 500 1510 6 303 0.019 363 666 2176
10 mil fins 885 8900 1710 [ 314 0.019 375 689 2399
3 0.5 inch cell (. 0075 inch) 950 281, 000 2500 6 324 0. 0095 155 479 2979
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Figure 5-59. Fluid Comparison Finned Cylinder Geometry 1



SECTION 6
VAPOR CHAMBER (HEAT PIPE) TEST PROGRAM

6.1 TEST OBJECTIVES AND REQUIREMENTS

The objective of the vapor chamber test was to obtain accurate performance data on the
selected concept (geometry 2) in order to substantiate the analytical predictions obtained
from the HPIPE computer code and to provide data for the preliminary design of the vapor

chamber fin radiator. The primary areas of concern were:
1. The magnitude of the evaporative and condensing temperature drops as a function
of the vapor chamber heat rejection rate

2. The determination of the axial vapor temperature drop as a function of the heat
rejection rate

3. The pumping capability of the sodium within the wick.

Limiting evaporative heat flux limits were also to be measured. Test requirements as-

sociated with these objectives are listed in Table 6-1.

Table 6-1. General Test Requirements

Data Obtain sound engineering performance and design data to be
substantiated by an error analysis.

Temperature Range Test program vapor chamber operating temperature ranges
900° to 1300°F.

Test Accuracy Measurement of evaporating and condensing AT to + 1°F.
Measurement of heat fluxes within + 10 percent.

Test Increments Operating temperatures, 900°-1000°-1100°-1200°-1300°F.
Heat flux levels, 5000-10, 000-20, 000-30, 000-40, 000-80, 000
Btu/Hr-Fi2.

Test Orientation Normal operation - horizontal

Pumping test 0° to 30° + 1° Tilt
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6.2 TEST APPROACH

The major consideration in the design of the test was the precise measurement of temper-
atures and heat fluxes. Consequently, the entire test design reflected these goals. A de-

tailed test plan was prepared and is included as reference material in the appendix.

6.2.1 VAPOR CHAMBER ORIENTATION

Of primary importance as the orientation of the vapor chamber fin with respect to the heat
input and heat rejection environment. Utilizing the selected geometry and primary duct
arrangement on a spacecraft, the heat input section of the vapor chamber fin is on the side
opposing the heat rejection surface; this is illustrated in Figure 6-1. In a zero g environ-
ment there are no forces perpendicular to the return flow path to aid in the refluxing of the
sodium. However, location of the evaporator and condenser surfaces on opposite sides in an
earth test introduces a gravitational force which could aid in returning the liquid to the
evaporator. Although the gravitational force is small in comparison to the capillary forces
available, it was decided to place the heat input and output sections on the same surface of
the pipe as shown in Figure 6-2. This configuration removes the effect of gravity on the

test results and presents a physical situation more typical of heat pipe applications.

6.2.2 TEST VAPOR CHAMBER DESIGN AND FABRICATION

The prime vapor chamber (heat pipe) design specifications were obtained from results of the
vapor chamber analysis described in Section 5.1. Emphasis was placed on attaining a con-

figuration which closely corresponds with projected space radiator design. A design sketch

of the heat pipe is shown in Figure 6-3.

A composite wick design was utilized in order to maintain operation at high evaporative heat
flux levels. The interior of the heat input surface was covered with five layers of fine screen
which results in a large capillary pumping capability. Specifications of the evaporator wick
were five layers of 200 by 200 304 stainless steel mesh with a 0. 0022 inch wire diameter.

The layers were spot welded to the vapor chamber to form a tight, uniform matrix.
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Figure 6-2. Vapor Chamber Test Orientation
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EVAPORATOR /'{ 316 S8

DIMENSIONS IN INCHES

°'3GTlE£==_Q.| @l
TL__ o _.T0.0ZO

EVAPORATOR CONDENSER
SECTION SECTION
200 MESH SS 100 MESH SS
22 MIL THICK. 9 MIL THICK. (1 LAYER)
(5 LAYERS) 25 MIL CHANNEL

Figure 6-3. Vapor Chamber (Heat Pipe) Design

The condenser fluid return annulus was formed by four 0. 025 inch diameter 308 SS wires
which were placed axially along the VCF. A single layer of 100 by 100 mesh 304 stainless
steel screen, having a 0. 0045 inch wire diameter, was stretched across the wires in order

to complete the return fluid passage.

Heat pipe enclosures were fabricated from 316 stainless steel. The disassembled heat
pipe is shown in Figure 6-4. A closeup view of the evaporator and condensing wick interface

area is shown in Figure 6-5.

The calculated void volume below the wick surface was determined to be 3.73 cc. A check
of the liquid volume of the wick and annulus was made by dropping distilled water on the wick
surface. Good wetting behavior was observed in both the condenser and evaporator wick.
The volume required to fill the wick was determined to be approximately 4 cc. The liquid

sodium fluid inventory of the prime heat pipe was 7.95 cc. Sodium was filled under a vacuum
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EVAPORATOR END CAP
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Figure 6-4. Disassembled Vapor Chamber (Heat Pipe)

‘EVAPORATOR WICK " 'CONDENSER WICK
200 x 200 - 5 LAYERS, . 1100 x 100 - SINGLE LAYER

Figure 6-5. Closeup View of Vapor Chamber Wick
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of 107° torr or less and the end plug was inserted and electron beam welded to the end

cap in the same facility.

The completed heat pipe assembly is shown in Figure 6-6. The pipe was coated with a high

emissivity iron titanate coating prior to test.

Figure 6-6. Assembled Vapor Chamber

6.2.3 HEATER AND CALORIMETER DESIGN AND FABRICATION

Consideration was given to having all four sides of the vapor chamber evaporator receive
and accept heat. This alternative required a more complicated test fixture and excessive
heat input capability and may not conform as closely to operational configurations. Con-

sequently, heat input from a single side was selected.

The results of Section 5.1 indicated that heat input fluxes on the order of 75, 000 Btu/Hr-ft2
are required for an optimized vapor chamber fin radiator. This high power density limited

the choice of a heat source to only a few possibilities, namely:

1. An active alkali metal fluid loop
2. Silicone carbide "glow bar"
3. Induction heating

4. Electron bombardment heating.
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An alkali metal loop was not immediately available and appeared to offer unwarranted
complexity. The induction heater and silicon glow bar did not lend themselves to accurate
measurement of the energy they transferred to the vapor chamber. From these four al-

ternatives the electron bombardment heater was selected as the most compatible approach.

The uniside bombardment heater designed, fabricated and used in the test is shown in
Figure 6-7. The heater was designed to be positioned 0.25 inch below the vapor chamber.
The tungsten wire can be strung with variable spacing depending on the concentration of

energy desired over the heat input surface.

It was hoped that the energy transmitted to the vapor chamber by the electron bombardment
heater could be measured by means of awatt meterattached to the vapor chamber. A method
was devised described in the test plan in the appendix to evaluate the radiation heat transfer

contribution of the EB heater to the vapor chamber.

-MOLY STUD (2)

ALUMINA MATING BLOCK

HEAT PIPE MATING DEPRESSION

REAR BEAM FORMER
AXIAL BEAM y; (MOLY)

FORMER (MOLY) (Z)Y& * e .
L4

S

/

. 010 IN, TUNGSTEN
WIRE

Figure 6-7. Uniside Electron Bombardment Heater
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If no heat losses are present, the heat input to the vapor chamber should be equal to the heat
rejected. The amount of energy rejected was measured by a specially designed water calori-
meter shown in Figure 6-8. Therefore, the energy transferred by the vapor chamber could
be measured in two ways. Another check on the heat balance exists by virtue of the Stephan-

Boltzman relation:

Q\ _ 4 _
(A)c €0T (6-1)

where

(%) = condenser heat flux
c

emissivity of vapor chamber surface

m
I

Q
il

Stephan-Boltzman constant
(1.7183 x 1079 Bty-pt=2 - g~4)

T = absolute temperature of the vapor chamber surface.

Therefore, three possibilities of measuring heat flux were available with the test design.

6.2.4 TEST UNIT INSULATION

Heat losses were reduced to 2 minimum by use of molybdenum mulitfoil insulation in con-
junction with a pressed silica fiber insulation. (Conductivities of this insulation are listed

in Table 6-2.) Multifoil insulation possesses extremely low thermal conductivities, thereby
making possible a compact yet effective barrier to heat transfer. The use of the silica fiber
insulation provided a rigid fixture for the test assembly and also aided in reducing heat losses.
A photograph of the major test block hardware is shown in Figure 6-9. A view of the vapor

chamber with multifoil in place and mounted on the test block is shown in Figure 6-10.
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Table 6-2.

Typical High Temperature Insulations

| K
Watts/Cm°K !
Manufacturer Type Characteristics 100°C 7000C Environment
Linde Nickel Foil, Refrasil 96 layers/in. | 8x 10"5 1x 10_4 : A%
f ;
. - - I
Linde Nickel Foil, Astroquartz Cloth 120 layers/in, 1x107% 9x10 ¢ \Y
Linde Copper Foil, Refrasil Quartz 83 layers/in. 4 x 10_5 6 x 10—4 :i Vv
Fiber Paper |
6 4 l
TECO Tungsten Foil - 10 3x10 | Vv
Thorium Oxide |
I
) -6 -4 |
TECO Tantalum Foil - 10 2x10 ‘ v
Thorium Oxide
) -6 -4
TECO Molybdenum Foil - 10 1.6 x 10 v
Thorium Oxide
. . 3 -4 -3
Johns Manville Dynaquartz (Silica fiber) 10.0 Ib/ft 6 x 10 1x10 A
3 - -
Eagle Picher Supertemp Block 17.0 Ib/ft 5x10 4 1.5x 10 3 A
Johns Manville MIN-K2000 25.0 Ib/it> 1.5x10 3.2 x107* A

Key

V = vacuum
A =air




Figure 6-8. Calorimeter

LOWER INSULA TION . S
BLOCK ] Pk "= 'UPPER INSULATION
T 'BLOCK

Figure 6-9. Unassembled Test Block Hardware
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Figure 6-10. Multifoil Insulation Around Vapor Chamber

6.2.5 TILT ADJUSTMENT

Since one aspect of the test involved tilting the vapor chamber, the entire assembly was
mounted on an aluminum table. The table was designed to be adjusted such that the vapor
chamber could be situated at any angle between 0 and 30 degrees with the horizontal. In
order to avoid realignment of the heater with respect to the evaporator section, the heater
base was fastened to the table such that the heater and vapor chamber were titled in unison.

Figure 6-11 shows the test block and heater base mounted on the aluminum tilt stand.

6.2,.6 TEST UNIT SETUP
The fixture configured to perform the vapor chamber (heat pipe) test is shown schematically
in Figure 6-12. An actual photograph of the test setup in operation is shown in Figure 6-13.

The vapor chamber was mounted within the specially designed and insulated test block which
in turn was inserted in a stainless steel bell jar vacuum system. Calorimeter, power and

grounding connections werebrought through sealedumbilicals at the bottom of the chamber.
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Figure 6-11. Assembled Insulation Test Block on Tilt Stand

Thermocouple leads were fed through sealed umbilicals at the center of the jar. Calorimeter
water was provided by a ten-foot stand pipe which provided a constant pressure head. Flow
was measured by a precision turbine flow meter feed into a frequency to dc converter and
then to a digital readout. This device was capable of metering a water flow rate of 0,02 to

0.2 gpm within + 0. 2 percent of true flow.

A 2000 volts dc power supply coupled with an isolation transformer and variac control was

used to supply ac and dc to the heater.
Thermocouple readouts were made with a Howell direct readout, and an Esterline 24 point

strip chart recorder. Precision primary test data was obtained by use of an L&N K5

potentiometer.
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9¢1

FREQUENCY
COUNTER
(FLOW METER) |

PRECISION DC
AMMETER

f AN

AL s

 ESTERLINE

! M RECORDER

PRECISION DC
| VOLTMETER

CONTROL: | CONTROL
|VACUUM SYSTEM - : : g
CONTROLS y -

.....

Figure 6-~1%. Vapor Chamber Test Setup



6.3 VAPOR CHAMBER INSTRUMENTATION

6.3.1 GENERAL

Forty chomel-alumel thermocouples were calibrated and used to instrument the heat pipe.
Thermocouples were calibrated against an L&N platinum standard thermocouple at fifty
degree intervals between 900° and 1300°F in a special L&N calibration furnace. The cali-

bration setup is shown in Figure 6-14.

A turbine flow transducer was placed in the output line of the calorimeter. Flow rates were

measured in gpm within + 0. 2 percent.

All heater voltage and current readings were made on meters calibrated within one percent

accuracy.

Figure 6-14. Thermocouple Calibration
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All thermocouples were connected to a 32°F reference junction and to an L&N K5 potentiom-
eter for primary data recording. Key thermocouples were also connected to a 24-point

recorder which in turn operated an over-temperature safety control.

6.3.2 THERMOCOUPLES LOCATION

Thermocouple placement was made as identified in Figure 6-15. On the top insulated sur-
face, Thermocouples 2 through 7 could be expected to read temperatures very near the vapor
temperature at that axial location. This is due to the minimal calculated heat loss through
multifoil insulation. Therefore, Thermocouples 2 and 3 represent the vapor temperature in
the evaporator, Thermocouples 5, 6, and 7 are condenser vapor temperatures, and Thermo-
couple 4 should indicate the vapor temperature in the adiabatic section separating the evapora-

tor and the condenser.

Due to the electron bombardment at the evaporator surface, this area was left devoid of
thermocouples. It was anticipated that Thermocouple 1 would provide temperatures suffi-
ciently close to the evaporator surface temperature. The overall evaporator AT could be

measured as the difference between Thermocouples 1 and 2 or 1 and 3 (Figure 6-16)

Four thermocouples, 8 through 11, were attached to the heat rejection surface. The end
of the condenser was designed with a well which protruded into the vapor space; Thermo-
couple 12 was placed into this well. The difference between the readings of Thermocuples
11 and 12 afforded a means of measuring the overall condensing AT. Furthermore, it was

expected that the readings of Thermocouples 7 and 12 could act as a check on each other.

6.3.3 THERMOCOUPLE ATTACHMENT

Two methods of thermocouple attachment were considered: spot welding the thermocouple
directly to the vapor chamber surface; and secondly, a sheathed type thermocouple, strapped
to the surface, as shown in Figure 6-17. Experience had shown the sheathed thermocouple

to provide more accurate and consistent data.

In order to demonstrate the greater accuracy of sheathed thermocouple, a test was performed

in air and vacuum. TFive thermocouples were placed on a stainless steel block; two thermo-
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Figure 6-17. Thermocouple Attachment
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couples were spot welded to the surface and three were strapped. This arrangement is
shown in Figure 6-18. A heater block was attached to the underside of the block and the data
presented in Table 6-3 was recorded. In every instance the sheathed thermocouples gave

slightly higher readings, indicating a superior method of attachment.

6.4 VAPOR CHAMBER TEST ASSEMBLY EVALUATION

Two major objectives of the test were the measurement of heat fluxes to within an accuracy
of £ 10 percent and temperature drops of = 10F. An error analysis performed on the fest

assembly is described below.

6.4.1 HEAT FLUX MEASUREMENT

Two measurements are required in the evaporator heat flux determination: the evaluation of
the heat input area, and the heat transfer rate. It is estimated that the width of the evaporator
section can be measured during fabrication to within a tolerance of + 0. 005 inches or a possible

error of 0.4 percent. The length of the evaporator is determined primarily by the heater

VACUUM AIR

HEATER

BLOCK @
SHEATHED
T/C

l@—— 1/4 IN. SS BLOCK — i~ ‘T__ - A’

I
CNLtd
SPOT WELDED T/C’% Cg ég

Figure 6-18. Thermocouple Test Configuration
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Table 6-~3. Thermocouple Test Data (Vacuum and Air)
(Sheathed TC's 3, 4, 5, 10, 11, 12 Spot Welded TC's 1, 2, 8, 9)
T/C Test Readings _F
No.
Vacuum Test Data
-5 -5 -5 -6
1.4x10 ‘Torr 5x10 Torr 1.3 x10 Torr 4x10  Torr
NN N / ~ “ 7/ - — \ / . \|
1 516 528 532 648 658 761 762 763 762
2 513 526 530 644 654 756 758 758 758
3 518 530 534 651 660 762 764 764 764
4 518 531 534 651 660 763 764 765 765
5 518 530 534 651 660 766 768 765 765
Air Test Data

8 570 578 596 606 642 561 564
9 570 578 595 605 640 561 562
10 568 578 596 606 640 561 562
11 576 584 603 612 648 567 568
12 572 578 600 608 642 562 562
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length and the electron path. The use of molybdenum shields prevents the electron beam
from dispersing. This enables the length of the evaporator to be gauged to within + 0, 015
inch or a possible error of + 1.5 percent. Therefore, the error involved in determining

the evaporator area is 1.9 percent.

6.4.1.1 Heat Flux Measurement Via Calorimeter

One method of measuring the heat input rate is provided for by the calorimeter in the heat

rejection section. Three principal error sources in the calorimetry measurements are:

1. Heat losses through insulation and thermocouples
2. Cooling water flow rate measurement

3. Cooling water AT measurement.

Several digital computer code runs were made to calculate the heat losses through the in-
sulation for two different geometries. Figure 6-19 shows the temperature distribution in
the insulation for a vapor temperature of 1300°F with 0. 060 inch of multifoil and 1.9 inches
of Dyna-Quartz. The power loss amounted to 5.9 watts. Reduction of the Dyna-Quartz
thickness to 1.5 inches increased the losses to only 6.1 watts as shown in Figure 6-20. At
a vapor temperature of 9000F, the heat loss rate is 1. 4 watts with the 1.5 inch thick Dyna-
Quartz. Since the 1.9 inch slab of Dyna-Quartz did not offer a substantial reduction in the

heat loss rate, the 1.5 inch thick slab was deemed sufficient.

The errors involved in estimating this heat loss are due to inaccuracies in the physical
properties of the insulating materials and approximations in the modeling of a three dimen-
sional problem using two dimensions. For the test of interest, the value of the thermal con-
ductivity is by far the most critical item. The thermal conductivity of the multifoil insula-
tion is extremely semnsitive to temperature, varying by a factor of thirty over the operating
temperature range predicted by the STEADY runs. Therefore, the thermal conductivity of
high temperature multifoil insulation is dependent upon the temperature gradient across the

multifoil which is peculiar to each experimental situation. The thermal conductivity of the
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Dyna-Quartz is dependent upon its temperature and density.. According to Johns-Manville,
the density can be controlled to within +10 percent which corresponds to an error of less

than + 3 percent in the thermal conductivity. The variation of the thermal conductivity for
this material with temperature is well documented and is considered to be known to within

the accuracy permitted by the density.

In light of the uncertainties involved in the thermal conductivities, the computer runs were
run with the values corresponding to the highest temperature in the system. Therefore, the
heat loss quantities obtained by the computer runs are conservative and represent a maximum
heat leak. The extreme at the other end of the spectrum would be a heat leak approaching
zero. Therefore, the maximum percentage error involved in the insulation heat loss calcula-

tion is:

1300°F

1:[IEAE\{T gg?gclr}%SDS (%V:§§§)) x 100 = ’% x 100 = 2. 3% (6-2)
900°F

S = 1.5%

The heat loss through the thermocouples was also estimated in a conservative manner; the
difficulty in performing an exact calculation is due to the tolerances associated with the
sheath, wire and insulation thickness. The heat loss through the 25 thermocouples was
estimated to be no greater than 2. 7 watts at 1300°F and 0.9 watt at 900°F. Using the logic
applied to the insulation heat losses, the maximum percentage error is approximately 1

percent at both 900°F and 1300°F.
A turbine flow meter was used to measure the water flow rate. Over a calibrated range the

flow meter is rated to produce an error of +0.2 percent. The digital voltmeter used in con-~

junction with the flow meter can be calibrated to within + 0.5 percent of the absolute accuracy.
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The determination of the water AT introduces another possible source of error. The water
AT was measured by two in-line thermocouples, at the inlet to and outlet from the vacuum
chamber. By once again employing the calibration technique, an accurate evaluation of the
AT is possible. With the heat pipe inoperative, the water AT is essentially equal to zero if
the water temperature is close to that of the room; thermocouples were referenced to one
another at this condition. The accuracy of the calibration is ensured since the temperature
of the water during the test did not change appreciably. The remaining error is limited to

that of the potentiometer reading +0.15°.

6.4.1.2 Heat Flux Measurement by Measuring Heat Input

The second proposed method of determining the evaporative heat flux is by measurement of
the heat input. Energy is transferred to the evaporator by electromagnetic radiation and
electron bombardment. Prior to test, the radiation contribution was estimated to be less
than eight percent of the total energy transfer. An estimate of the actual radiative energy
contribution was to be made using the calorimeter. In light of the previous analysis for the
calorimeter, the radiation contribution can be determined to within +6 percent or to within

0. 48 percent of the total heat transfer.

The heating attributed to electron bombardment can be measured using a watt meter, con-
sisting of a volt and ammeter. The error introduced by these devices is 1. 0 percent each.
No other sizable errors are envisioned using this procedure. Unfortunately, the radiative
contribution from the electron bombardment heater comprised over 60 percent of the energy
transfer. Therefore, this method of measuring the heat input to the vapor chamber could not

be employed as a check on the calorimetry.

6.4.1.3 Heat Flux Measurement Conclusions

Measurement of heat flux by determining the heat input was not employed. However, as
discussed in Section 6. 2, the Stephan-Boltzmann relationship was used to calculate the heat

being rejected from the vapor chamber. This method agreed well with the calorimetry data.

A summary of the errors involved in the calorimetry heat flux measurement is given in

Table 6-4.
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Table 6-4. Summary of Heat Flux Measurement Errors

Cralorxinle_trfyil?ioqeifinge Er.ror Factors
. Test at 900°F Test at 1300°F

Area Measurement 1.019 1.019
Insulation Heat Loss 1.015 1.023
Thermocouple Heat Loss 1.010 1.010
Flow Rate - Meter 1.002 1.002

DVM 1.005 1.005
Water AT 1.0075 1.0025
Maximum Percentage Error 5.9% 6.3%

6.4.2 TEMPERATURE DROP (AT MEASUREMENT

Measurement of the evaporative and condensing AT's are required to + loF. The procedure
and measurements made to minimize AT error include the strategic placement and attach-
ment of thermocouples, the reduction or elimination of thermocouple switches and junction
points, the use of a carefully controlled ice bath and the calibration and subsequent readout
of thermocouples by precision instruments. Although the presence of a switching device can

introduce a small error, this was negated by calibration of the switch within the system.

Thermocouple placement is shown in Figure 6~15. Thermocouples in the evaporator section
had to be placed on the surface of the VCF under cover by the multifoil insulation and not in
view of the EB heater radiation. The most accurate reading obtainable of the vapor temperature
was provided by a thermocouple in a well near the end of the condenser. Calibration against a
platinum standard over the measurement range and subsequent calibration and vapor chamber
test readout by a L&N K5 potentiometer gave assurance of obtaining accurate AT measure-

ments.
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6.5 TEST DESCRIPTION AND RESULTS

The vapor chamber fin test was divided into four phases: (1) calibration of the electron

bombardment heater energy transfer; (2) heat flux and AT measurements; (3) tilt test; and
(4) limiting evaporative heat flux determination. The primary objective of the test was to

obtain accurate design data for a sodium VCF.
The following observations were made from the tests:

1. The rectangular VCF, using sodium, performed satisfactorily in the 8250F to
16000F temperature range.

2. Tilting the vapor chamber through 10 degrees (evaporator raised) did not alter
its performance.

3. A high evaporative heat flux condition (1.4 x 105 BTU/ Hr—th) was attained without

evidence of burnout. Testing at higher heat fluxes was precluded by temperature
limitations.

4. A condensing AT substantially larger than that predicted was observed. This
AT was time dependent and decreased as a substantial amount of test hours were

accumulated on the VCF.

6.5.1 CALIBRATION TEST (PHASE 1)

The purpose of the calibration test was to determine the quantity of radiative cnergy trans-
ferred to the VCF from the EB heater as a function of VCF temperature. Since the EB
energy transfer can be measured by a watt meter, the sum of the electrical and radiative
measurements can be utilized to provide the total energy transfer. This information was

necessary for the second phase of the test.

Using the procedure outlined in the test plan (Appendix B). it was expected that the radiative
heat transfer could be measured to within +15. 0 percent. However, it was anticipated that
the total radiative heat transfer would comprise less than eight percent of the total heat
transferred. The electron bombardment energy contribution was expected to be measured to
within +2. 0 percent. Using the procedure outlined in the test plan, the data shown in Table

6-5 was obtained. The heating contribution due to radiation was significantly higher than that
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anticipated. This was explained by an apparent overdesign of the heater. As a result, the
overall error involved in measuring the heat input by this method would have increased to a
greater degree than permitted by the test ground rules. Therefore, this method of measure-
ment was not pursued; the calorimetry data and the Stephan-Boltzmann relationship were

relied upon for this heat input evaluation as described in Section 6. 4.

Table 6-5. Radiative Heat Transfer Test Data

Percentage of
Evaporator Radiative Energy Total Heat Energy Transferred

Temperature Transfer Rejected by Radiation
(°F) (watts) (watts) (%)
893°F 68.9 77.0 89.5
1065°F 94.9 123.0 77.2
1158°F 101.0 156. 0 64.7
1249°F 108.0 187.0 57.8

6.5.2 HEAT FLUX AND AT MEASUREMENTS (PHASE 2)

6.5.2.1 Evaporative Heat Flux Versus AT

The second phase of the testing obtained temperature and calorimetry data between SOOOF
and 1300°F. The instrumentation as discussed in Section 6.3 was devised such that accurate
readings of the input surface (Thermocouple 1), condenser surface temperature (Thermo-
couples 8, 9, 10 and 11) could be obtained. Figure 6-15 illustrates the location of these
thermocouples. Although no thermocuple could be placed directly on the heat input section
due to the EB heater, Thermocouple 1 provided an accurate substitute. The arrangement
of Thermocouple 1 and the evaporator surface is shown in Figure 6-16. The proximity of
Thermocouple 1 to the evaporator, the relatively good thermal path between the two, and
the presence of the multifoil insulation ensured a minimal AT between the evaporator sur-
face and Thermocouple 1. From analytical calculations which were later substantiated by
test results, Thermocouple 1 was estimated to reflect the evaporator surface temperature

to within 1°F.
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Seven runs were made in this phase of the test; the results are shown in Figure 6-21. The
vapor chamber exhibited definite heat pipe action when the evaporator temperature surpassed

825°F. Typical startup data obtained from the strip recorder is shown in Figure 6-22.

Due to the low vapor density of sodium at t